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INTRODUCTION 


BACKGROUND 

The  motivation  for  developing  a new  structural  design  procedure 
for  rigid  airport  pavements  is  that  currently  available  procedures'1'-'’ 
have  several  weaknesses.  This  does  not  imply  that  the  existing  proce- 
dures are  not  vali<J,  nor  does  it  imply  that  any  proposed  new  procedure 
will  alleviate  all  of  the  weaknesses  of  the  existing  procedures . 

Rather,  the  proposed  procedure  will  permit  consideration  of  several 
design  aspects  that  are  ignored  or  approximated  in  available  procedures. 

The  procedures  described  in  References  1-5  are  similar  in  approach 
with  variations  only  in  certain  details.  Of  interest  is  the  common 
approach  to  modeling  the  pavement  and  characterizing  the  supporting 
characteristics  of  the  material  beneath  the  portlaqd  cement  concrete 
(PCC)  surface  layer.  In  all  five  procedures,  the  pavement  is  modeled  as 
a two-layer .system,  i.e.,  the  PCC  surface  layer  is  described  as  a thin 
elastic  plate,  and  the  underlying  material  is  described  as  a dense  liquid 
(Winkler)  foundation . * Other  important  common  features  of  all  five 
procedures  are:  (a)  the  supporting  characteristics  of  underlying  mate- 
rials are  quantified  by  a single  constant,  referred  to  as  the  modulus 

of  soil  reaction;  and  (b)  this  constant  is  determined  with  plate  load 

8 9 

tests  conducted  on  in  situ  materials.  * 

The  validity  of  using  a two-layer  model  and  a plate  load  test  for 
quantifying  the  supporting  characteristics  of  the  underlying  material 
are  questionable  for  pavements  with  relatively  thin  layers  of  bound 
material  and  for  vehicle  gears  with  large,  widely  spaced  wheel  loads. 

The  procedure  developed  herein  utilizes  a layered  elastic  system  for 
modeling  the  pavement  and  should  improve  the  validity  of  the  computed 
pavement  response  parameters  (stress,  strain,  and  deflection)  for  all 
layered  systems  and  loads. 

The  characterization  of  each  layer  with  fundamental  material 
properties  obtained  from  laboratory  testa,  as  opposed  to  field  tests  on 
in  situ  material,  will  permit  more  flexibility  for  testing  the  material 
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at  a range  of  field  conditions.  The  use  of  a layered  model  and  labora- 
tory tests  to  determine  properties  of  the  pavement  layers  will  permit 
trial  of  a range  of  types  of  materials  arranged  in  various  layering 
schemes  in  order  to  determine  an  optimized  design.  The  use  of  labora- 
tory tests  rather  than  field  plate  load  tests  should  permit  more  tests 

and,  therefore,  a better  representation  of  the  subgrade. 

% 

A final  reason  for  developing  a new  design  procedure  for  rigid 
-*•  , •«  * 
pavements  is  the  belief  among  some  engineers  involved  in  pavement 

design,  evaluation,  and  research  that  there  should  be  a universal  sys- 
tem applicable  to  design  and  evaluation  of  all  types  of  pavements , 
rather  than  separate  procedures  for  rigid,  flexible,  or  unsurfacgd 
pavements.  From  a philosophical  point  of  view,  this  goal  certainly  is 
desirable  and  is  worth  pursuing;  but  from  a practical  point  of  view, 
there  are  a number  of  obstacles  that  will,  only  be  overcome  by  advances 
in  the  state  of  the  art  of  pavement  technology.  However,  there  are 
many  more  similarities  between  the  design  procedure  contained  herein 
for  rigid  pavements  and  the  design  procedure  contained  in  Reference  10 
for  flexible  airport  pavement  than  there  are  between  currently  used 
procedures  for  rigid  and  flexible  airport  pavements.  Thus,  this  design 
procedure  represents  a step  toward  achieving  the  goal  of  a universal 
design  procedure. 

PURPOSE 

The  purpose  of  this  study  was  to  develop  a new,  practical,  and 
implementable  procedure  for  the  structural  design  of  rigid  airport 
pavements.  This  report  documents  the  development  of  the  methodology 
contained  in  the  procedure  and  presents  the  procedure  in  a stepwise 
manner  for  implementation. 

SCOPE 

The  study  was  limited  to  the  structural  design  of  the  pavement 
section,  i.e.,  the  selection  of  required  thickness  of  pavement  layers 
to  carry  the  design  traffic  (magnitude  and  number  of  loads)  under  field 
conditions.  The  key  words,  rigid,  practical,  implementable , and 
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design,  are  reflected  in  the  selection  of  an  available  linear  elastic 
response  model,  available  procedures  and  specific  conditions  for  nuite-r 
rial  characterizations,  and  simplified  alternatives  for  accounting  for 
traffic  and  environmental  conditions.  Certainly  more  sophisticated 
response  models  (finite  element)  and/or  more  sophisticated  material 
characterizations  (nonlinear,  nonelastic,  or  viscoelastic)  are  avail- 
able, but  these  are  more  readily  applicable  to  analysis  rather  than 
routine  design.  Available  test  data  were  used  to  establish  performance 
criteria  and  conditions  for  material  characterization. 

No  innovations  are  offered  in  the  treatment  of  joints  in  the  PCC 
surface  layer,  although  Joints  are  the  critical  location  in  the  pave- 
ment and  models  are  available  for  providing  at  least  a rudimentary 
treatment.  It  was  believed  that  these  models  had  not  been  developed  to 
the  point  where  they  could  be  used  in  routine  design.  Jointing  is 
considered  by  specifying  certain  minimum  requirements. 

1 

No  new  methods  are  offered  for  the  design  of  overlays.  Although 
the  use  of  the  basic  methodology  for  design  of  new  pavements  appears 
valid  for  design  of  overlays , no  acceptable  procedure  was  found  to 
quantify  either  the  load  deformation  response  of  in-place  pavements  or 
interface  conditions  so  that  the  structural  condition  of  the  pavement 
would  be  reflected  in  the  required  overlay  thickness,  or  conversely 
the  performance  of  the  overlay. 

APPROACH 

The  basic  approach  taken  in  the  study  is  outlined  in  the  fol- 
lowing four  tasks: 

a.  Selection  of  a response  model. 

b.  Selection  of  material  characterization  procedures. 

jc.  Development  of  performance  criteria. 

d_.  Assembly  of  the  methodology  into  a practical,  implementable, 
design  procedure. 
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SELECTION  OF  RESPONSE  MODEL 


GENERAL 

The  layered  elastic  model1'*'  was  selected  for  computing  pavement 

response  parameters.  By  changing  from  the  presently  used  model 

(Westergaard  idealization),  implications  are  that  the  presently  used 

model  is  inadequate  and  that  the  layered  model  offers  significant 
6 T 

improvements.  ’ These  implications  may  not  be  totally  true  and  may, 
in  fact , be  completely  erroneous  in  certain  respects  and  for  certain 
conditions.  The  problem  stems  from  the  judgment  of  adequacy  or  what 
is  best.  Such  Judgment  is  oftentimes  subjective,  based  on  opinion 
rather  than  fact,  and  in  many  cases,  based  on  only  a limited  range  of 
circumstances.  Nevertheless,  the  selection  of  the  layered  elastic 
response  model  was  based  on  what  was  believed  to  be  sound,  rational, 
and  practical  considerations. 

COMPARISONS  OF  AVAILABLE  MODELS 

12 

Crawford  and  Katona  have  prepared  a state-of-the-art  report  on 
the  prediction  of  pavement  response.  In  their  discussions,  they  refer 
to  three  types  of  idealizations  of  pavement  structures.  These  are  the 
Westergaard,  layered  elastic,  and  finite  element  idealizations.  To 
these  primary  idealizations  should  be  added  several  significant  muta- 
tions and  combinations  of  the  three  primary  idealizations. 

13 

Hudson  and  Matlock  developed  a model  that  essentially  follows 

the  Westergaard  idealization  but  uses  a numerical  technique  for  solving 

the  equations  of  bending  for  the  thin  elastic  slab  representing  the 

surface  layer.  The  numerical  technique  is  based  on  finite  difference 

approximations  of  continuous  functions,  and  the  corresponding  physical 

idealization  of  the  elastic  slab  is  similar  to  the  finite  element 

idealization.  This  idealization  will  be  referred  to  as  the  discrete 

lU 

element  idealization.  A model  developed  by  Saxena  combines  the  dis- 
crete element  idealization  of  the  elastic  slab  with  an  elastic  solid 
idealization  of  the  underlying  material  rather  than  a dense  liquid 
idealization.  The  elastic  solid  idealization  (Boussinesq)  is  a 
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simplified  version  of  the  layered  elastic  idealization  (Burmister11 ) 
in  that  only  one  semi-infinite  layer  is  considered. 

Huang  and  Wang1'’  developed  a model  that  combines  the  finite 
element  idealization  for  the  thin  elastic  slab  with  the  dense  liquid 
idealization  for  the  underlying  material.  A model  developed  by 
Eberhardt  and  Willmer  ’ is  similar  to  that  developed  by  Huang  and 
Wang,  but  with  an  additional  feature,  such  that  an  intermediate  layer 
can  be  considered.  A procedure  was  developed  in  which  the  top  two 
layers  are  modeled  as  an  equivalent  thin  elastic  plate.  The  finite 
element  idealization  is  then  used  for  the  equi valent  plate,  and  the 
dense  liquid  idealization  for  the  remainder  of  the  structure. 

As  stated  previously,  these  four  models  are  simply  mutations  or 
combinations  of  the  three  primary  idealizations  and  are  subject  to 
similar  limitations.  Therefore,  the  following  discussions  are  limited 

to  the  three  primary  idealizations. 
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Crawford  and  Katona  provide  detailed  discussions  of  the  three 
primary  idealizations  and  include  discussions  of  various  material 
characterization  procedures  that  are  necessary  for  quantification 
of  properties  of  the  pavement  structures.  For  the  reader  interested 
in  an  in-depth  comparison.  Reference  12  is  recommended.  However,  a 
brief  comparison  follows  in  which  the  primary  reasons  are  outlined  for 
selecting  a response  model  based  on  the  layered  elastic  idealization. 

For  the  layered  elastic  idealization  (Figure  1),  the  pavement 

structure  is  represented  as  a series  of  horizontal,  uniform,  elastic 

layers  with  properties  defined  by  (a)  E.^  , the  modulus  of  elasticity 

of  the  ith  layer;  (b)  v.  , the  Poisson's  ratio  of  the  ith  layer,  and 

* "til 

(c)  h.  , the  thickness  of  the  i layer.  Furthermore,  the  layers 

— th 

extend  horizontally  to  infinity  in  all  directions,  and  the  n layer 

extends  vertically  to  infinity.  The  Westergaard  idealization  (Figure  2) 

represents  the  PCC  slab  as  a thin  elastic  plate  with  properties  defined 


by  E , v , and  h , over  a dense  liquid  (Winkler)  foundation.  The 
P P P 

liquid  foundation  is  characterized  as  a bed  of  springs  having  a certain 
stiffness.  Each  individual  spring  represents  the  effect  of  the  support 


Figure  1.  Elastic  layered  pavement  idealization  (from  Crawford 
and  Katona-1-^) 
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Figure  2 . Westergaard  pavement  idealization  (from  Crawford  and  Katona  ) 


provided  over  a unit  area  and  is  quantified  "by  a constant  k , which  is 
the  ratio  of  pressure  on  the  unit  area  divided  by  the  deflection.  In 
the  basic  Westergaard  idealization,  loads  vere  represented  as  uniform 
circular  pressure  distributions,  but  procedures  developed  by  Pickett 
et  al.1®  and  Pickett  and  Ray1^  permit  uniform  pressure  distributions 
with  any  shape  to  be  readily  handled. 

The  elastic  layered  idealization  would  appear  to  be  a more 
realistic  representation  of  a real  pavement  structure  since  PCC  pave- 
ments are  truly  layered  Bystems , although  the  materials  may  not  be 
truly  elastic.  For  practical  loadings,  however,  the  materials  can  be 
represented  by  quasi-elastic  properties.  The  representation  of  the 
top  layer  as  a thin  elastic  plate  (Westergaard  idealization)  or  as  an 
elastic  layer  is  really  not  that  different  when  the  top  layer  is  a 
PCG  slab,  as  in  rigid  pavements.  The  major  difference  lies  in  the 
representation  of  the  remainder  of  the  structure.  The  lose  of  funda- 
mental constants  E and  v to  represent  the  properties  of  underlying 
layers  is  theoretically  sounder  than  a single  constant  k . From  a 
practical  standpoint,  it  is  also  more  valid,  considering  that  the 
determination  of  k is  made  with  a plate  test  and  represents  the 
response  of  the  material  to  a particular  loading  condition  (i.e., 

30-in. *-diam  plate  and  10-psi  vertical  pressure),  which  may  be  different 
from  that  actually  experienced  in  the  pavement. 

Experience  has  shown  that,  for  single,  dual,  and  even  dual-tandem 
gears  with  closely  spaced  wheels  on  relatively  thin  slabs  (less  than 
about  15  in.)  laid  either  directly  on  the  subgrade  or  on  granular  layers, 
quantification  of  the  supporting  characteristics  of  the  underlying  layer 
with  a modulus  of  soil  reaction  produces  reasonable  computations  of  the 
response  of  the  pavement.  However,  for  larger  loads  transmitted  to  the 
pavement  through  a number  of  widely  spaced  wheels,  for  relatively  thin, 
high-strength  (large  stiffness)  base  courses,  and  for  thick  PCC  slabs, 
the  validity  of  the  idealization  decreases.  For  the  thicker  slabs  and 


* A table  of  factors  for  converting  units  of  measurement  is  presented 
on  page  iv. 
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widely  spaced  wheels,  the  zone  of  influence  (stresses  in  the  underlying 
material)  becomes  much  larger  than  that  under  a 30-in. -diam  plate, 
although  a 10-psi  contact  pressure  may  in  fact  be  valid  for  both  condi- 
tions. The  effect  of  a thin,  high-strength  (stiffness)  base  course  will 
be  more  pronounced  on  the  load  deformation  response  of  a 30-in. -diam 
plate  than  on  the  load  deformation  response  of  a thick  PCC  slab.  The 
response  of  the  30-in. -diam  plate  will  be  significantly  reduced  by  the 
thin  base,  whereas  the  reduction  in  the  response  of  the  pavement  will 
not  be  as  significant. 

Another  situation  in  which  the  use  of  an  elastic  layered 
idealization  may  be  more  representative  occurs  when  there  exists  within 
the  subgrade  different  types  of  materials  at  relatively  shallow  depths 
(less  than  20  ft).  For  instance,  a stiff  or  a soft  layer  in  the  sub- 
grade may  not  significantly  affect  the  load  deformation  response  of  a 
•30-in. -diam  plate,  but  the  effect  may  be  significant  on  the  load 
deformation  response  of  a thick  slab  loaded  with  a large  load  on 
widely  spaced  wheels . 

Characterization  of  each  layer  with  elastic  constants  obtained 
from  laboratory  tests,  rather  than  one  elastic  constant  obtained  from 
field  tests,  provides  the  designer  greater  flexibility.  At  this  point, 
it  should  be  noted  that  it  is  recognized  that  the  materials  in  pave- 
ments behave  neither  elastically  nor  linearly  but  that  the  assump- 
tion of  linear  elasticity  is  necessary  for  practical  application.  The 
state  of  stress  under  which  the  material  is  tested  in  the  laboratory 
may  be  changed  to  conform  to  the  most  critical  state  of  stress  under 
which  it  may  exist  in  the  pavement.  This  is  contrasted  with  the  con- 
stant state  of  stress  at  which  the  modulus  of  soil  reaction  is  selected. 
There  is  also  the  flexibility  of  being  able  to  readily  change  the  physi- 
cal condition  of  the  specimen  (moisture,  pore  pressures,  density,  etc.), 
whereas  this  cannot  be  so  easily  accomplished  on  in  situ  material.  Thus, 
the  use  of  an  indirect  correction  for  saturation  of  the  modulus  of  soil 

g 

reaction  is  not  necessary. 

The  use  of  laboratoxy  procedures  makes  it  possible  to  test  a 
more  representative  sample  of  the  existing  subgrade  and  a larger  variety 
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of  available  base  course  materials.  With  the  present  design  procedure, 
extensive  plate  bearing  tests  are  the  exception  rather  than  the  rule. 
Another  factor  to  be  considered  is  the  repetitive  nature  of  the  loads 
applied  to  a pavement.  Certainly,  the  use  of  laboratory  tests  will  more 
readily  permit  consideration  of  the  effects  of  repeated  load  applica- 
tions than  will  field  plate  bearing  tests. 

In  addition  to  the  necessary  and  practical  assumptions  of  linear 
elasticity,  the  layered  elastic  model  has  one  major  weakness  when  applied 
to  rigid  pavements,  i.e.,  the  inability  to  treat  discontinuities  (cracks 
and  joints)  primarily  in  the  PCC  layer.  In  this  regard,  the  Westergaard 
idealization  is  better  because  it  does  permit  a rudimentary  treatment  of 
the  Joints.  With  the  Westergaard  idealization,  bending  stresses  in  the 
slab,  the  vertical  slab  deflections,  or  the  vertical  reactive  pressures 
may  be  computed  at  or  near  the  corner  or  edge  of  a slab  that  is  semi- 
infinite in  the  horizontal  direction.  Qnpirical  adjustments  to  these 
response  parameters  may  then  be  made  to  account  for  the  reduction  due 
to  support  provided  by  adjacent  slabs. 

The  assumption  of  completely  bonded  or  completely  frictionless 
layer  interfaces  is  not  considered  to  be  a significant  weakness.  A simi- 
lar assumption  is  made  by  the  Westergaard  idealization  in  which  the 
interface  between  the  PCC  slab  and  the  underlying  material  is  assumed 
to  be  frictionless.  The  interface  between  a PCC  slab  and  the  second 
layer  is  most  likely  intermediate  between  a completely  bonded  and  com- 
pletely frictionless  condition.  Between  all  other  layers,  the  assump- 
tion of  full  bonding  is  probably  more  valid,  being  dependent  on  the  type 
material  and  construction  procedure.  However,  no  data  exist  to  adequately 
quantify  the  interface  conditions,  although  the  response  model  does 
exist  that  can  analytically  consider  intermediate  conditions.  The  com- 
putation of  the  various  response  parameters  will  certainly  be  affected 
by  the  selection  of  the  interface  condition.  For  computation  of  the 
design  parameters,  it  was  assumed  that  no  bond  existed  at  the  interface 
beneath  the  PCC  slab  and  that  full  bond  existed  at  all  other  interfaces. 

The  comparison  of  the  finite  element  idealization  with  the 
Westergaard  and  elastic  layered  idealizations  may  not  be  valid  since  it 


9 


■HBpiP>piijipiJl«.i  ilJ"  "iii.wn » i i>i i iwjiumiiim  mu 


refers  basically  to  a computation  procedure  rather  than  to  a mathematical 
representation  of  the  physical  structure.  As  has  been  noted  previously , 
the  finite  element  idealization  may  be  employed  for  the  upper  layer  with 
a dense  liquid  or  elastic  solid  representation  for  the  remainder  of  the 
structure.  Nevertheless,  consideration  as  a separate  idealization  has 
merit  for  comparisons  between  available  techniques  for  computing  the 
response  of  a pavement  to  load.  As  discussed  herein,  the  finite  element 
representation  will  mean  that  the  entire  structure  will  be  broken  into 
a number  of  finite  elements  (Figure  3). 

In  the  finite  element  idealization,  the  continuous  pavement  struc- 
ture is  broken  into  a number  of  elements  connected  at  nodal  points.  The 
material  in  each  element  is  assigned  properties  that  may  vary  from  ele- 
ment to  element.  The  number  of  elements  and  nodal  points  that  may  be 
considered  is  limited  by  computer  capacity,  and  thus  boundary  conditions 
must  be  specified.  The  loads  are  applied  as  concentrated  forces  at  the 
nodal  points.  With  the  aid  of  special  types  of  elements,  discontinuities , 
special  interface  conditions,  reinforcing  steel,  and  dowel  bars  may  be 
introduced.  Special  computational  techniques  permit  consideration  of 
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Figure  3.  Pavement  idealization  using  the  finite 
element  program  (from  Crawford  and  Katona^) 


voids  and  temperature  and  moisture  gradients  within  the  pavement  struc- 
ture. In  addition,  variable  layer  properties  (thickness  and  load 
deformation  properties)  and  nonlinear  material  response  may  also  be 
treated. 

However,  there  are  limitations.  For  a three-dimensional 
idealization  with  only  a minimum  number  of  elements  and  refinements 
(Figure  3),  the  required  time  and  cost  involved  in  applying  the  proce- 
dure to  pavement  problems  become  prohibitive. 

There  sure  plane  strain,  axisymmetric , auid  prismatic  solid  finite 
element  idealizations,  but  with  all  of  these  idealizations  certain  con- 
straints are  introduced.  If  the  time,  effort,  and  cost  to  apply  the 
models  are  reduced  to  manageable  levels,  the  applicability  to  a general 
design  procedure  and  improvements  over  simpler  models  is  likewise 
reduced. 

After  consideration  of  sill  models,  the  layered  elastic  model  weis 
selected.  The  model  hsis  several  weaknesses,  and  certainly  there  are 
more  sophisticated  models  available.  However,  it  offers  a viable 
alternative  that  can  be  implemented  into  a workable  design  procedure. 

Consider  the  relationship  between  the  interior  stress  computed 
by  layer  theory  and  0.75  of  the  edge  stress  computed  by  plate  theory 
(Figure  k) . The  parameter  of  0.75  of  the  edge  stress  is  the  design 
parameter  presently  being  used  for  design  of  rigid  airport  pavements. 
Although  the  relationship  in  Figure  4 is  not  one  of  equality,  it  is  one 
of  strong  correlation;  thus,  if  a workable  design  procedure  could  be 
baned  on  edge  stress,  then  it  would  be  expected  that  a workable  proce- 
dure could  be  developed  baned  on  the  interior  stress. 

SELECTION  OF  COMPUTATIONAL  PROCEDURE 

The  two  most  widely  used  computer  codes  to  solve  for  the  response 

20 

of  a layered  elastic  pavement  idealization  are  the  BISTRO  and  the 
CHEVRON21  codes.  In  addition,  the  CRANLAY22  and  the  BISAR23  codes  have 
been  used  but  not  as  extensively  as  the  BISTRO  or  CHEVRON  codes.  From 
these,  the  BISAR  code  was  selected  to  develop  the  performance  criteria 
because  of  the  author's  confidence  in  the  accuracy  of  the  program  and 
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0 75  * EDGE  STRESS  COMPUTED  BY  PLATE  THEORY 

Figure  U.  Comparison  of  stresses  computed  from  test 
section  data  (Appendix  B) 

the  ability  of  the  program  to  consider  different  interface  conditions. 
The  BISAR  program  is  an  advanced  version  of  the  BISTRO  program  and  has 
capabilities  that,  while  not  necessary  for  the  use  of  the  design  proce- 
dure developed  in  the  study,  may  be  useful  in  the  future  for  pavement 
analysis . The  CHEVRON  program  does  offer  some  advantages  in  terms  of 
operation  cost  and  may,  in  some  design  situations,  be  a completely 
adequate  program.  As  an  example,  the  CHEVRON  code  has  been  modified 
for  multiple  wheels  and  is  recommended  by  Barker  and  Brabston10  for 
flexible  airport  design.  In  order  to  maintain  as  much  consistency 
between  pavement  types,  it  was  the  original  intent  to  use  the  same 
code  for  rigid  pavements. 


However,  for  rigid  pavements  that  have  a subgrade  of  a low 
resilient  modulus,  the  deflection  basin  computed  with  the  CHEVRON 


computer  code  becomes  very  distorted  in  the  area  beneath  and  Imme- 
diately adjacent  to  the  loaded  area.  This  distortion  is  evident  when 
compared  with  the  deflection  basins  computed  using  the  BISTRO/BISAR 
computer  program  (Figure  5).  The  distortion  of  the  CHEVRON-computed 
basin  is  much  greater  for  low  subgrade  moduli  with  the  distortion  de- 
creasing as  the  subgrade  modulus  increases  until  for  a subgrade  modulus 
of  7000  psi  the  basins  computed  are  nearly  identical.  The  distortion 
is  caused  by  inaccuracies  in  the  numerical  solution  procedures  for 
various  integral  equations  and  Bessel  functions  for  large  Ep/Eg  ratios. 
The  distortion  in  the  curves  in  Figure  5 are  accentuated  by  the  location 
of  a stiff  layer  (E  = 1,000,000  psi)  at  a depth  of  2k0  in.  below  the 
bottom  of  the  slab  (reasons  for  this  will  be  discussed  in  the  following 
section).  When  the  subgrade  is  assumed  infinite  in  depth,  the  distortion 
is  not  as  severe  with  the  CHEVRON  code,  i.e.,  there  is  no  hump  where  the 
deflections  near  the  load  are  smaller  than  those  further  removed  from 
the  load  (Figure  6). 
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Figure  5.  Deflection  basins  computed  with  the  CHEVRON  code 
compared  with  the  deflection  basics  computed  with  the 
BISTRO/BISAR  codes 
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Figure  6.  Illustration  of  effects  of  stiff  layer  on  shape  of  deflection  basin 
computed  with  CHEVRON  code  compared  with  that  computed  with  BISTRO/BISAR  codes 


A much  smaller  effect  on  the  stresses  is  apparent,  as  illustrated 
by  the  plot  of  radial  tensile  stress  in  the  bottom  of  the  PCC  slab  in 
Figure  J.  However,  it  was  believed  that  the  additional  accuracy  of  the 
BISTRO/BISAR  computer  codes  was  desirable.  Because  of  the  cost  benefit 
and  additional  capabilities  of  the  BISAR  code,  this  program  was  chosen 
over  the  BISTRO  code. 

MODIFICATION  OF  MODEL  FOR 
FINITE  SUBGRADE  DEPTHS 

The  layered  elastic  idealization  assumes  that  the  bottom  layer 
extends  vertically  to  infinity.  This,  along  with  the  assumption  that 
the  layers  extend  horizontally  to  infinity,  is  a necessary  condition  for 
solving  the  integral  equations  and  Bessel  functions  to  obtain  the  pave- 
ment response.  From  a practical  standpoint,  borings  are  not  usually 

made  to  depths  sufficient  to  establish  the  location  of  layers  below  a 
1 2h 

10- ft  depth,  * and  the  most  common  situation  encountered  is  one  in 
which  the  stiffness  of  the  soil  increases  with  depth.  The  results  are 
that  the  model  invariably  overpredicts  vertical  deflections  within  the 
pavement  structure.  Strains,  and  therefore  stresses,  are  also  affected 
but  to  a much  lesser  extent. 

The  effect  of  the  assumption  of  subgrades  with  infinite  extent 
may  be  examined  by  studying  the  influence  on  two  of  the  more  important 
response  parameters,  i.e.,  vertical  slab  deflection  and  tensile  stress 
in  the  bottom  of  the  slab.  Figure  8 illustrates  the  influence  on  ver- 
tical slab  deflection.  The  magnitude  of  the  influence  will  be  affected 
by  the  subgrade  modulus.  As  the  stiffness  of  the  underlying  material(s) 
decreases,  the  effect  on  the  vertical  deflection  increases.  This  is  an 
obvious  consequence  since  the  vertical  deflection  is  obtained  by  inte- 
grating the  vertical  strain  function  with  depth  from  the  surface  of  the 
subgrade  to  infinity.  By  introducing  a relatively  stiff  lower  layer,  the 
effects  of  the  integration  of  the  strain  function  are  masked  by  de- 
creasing the  magnitude  of  the  vertical  strain  to  very  small  values. 

Figure  9 illustrates  the  influence  on  radial  stress  in  the  bottom 
of  the  slab.  The  stress  is  not  significantly  affected  by  the  presence 
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Figure  7.  Comparison  of  tensile  stress  in  bottom  of  PCC 
slab  computed  with  CHEVRON  and  BISTRO/BISAR  codes 
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Figure  8.  Effect  of  infinite  subgrade  depth  of  vertical 
slab  deflection 
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Figure  9.  Effect  of  infinite  subgrade  depth  on  stress 
in  bottom  of  slab 
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of  the  stiff  layer.  This  is  typical  of  not  only  the  radial  stress 
(Figure  9)  and  the  tangential  stress  but  also  the  vertical  stress.  The 
components  of  strain  are  affected  by  the  assumptions  of  infinite  layers, 
but  since  they  are  computed  directly  from  the  stresses  and  involve  no 
integration  or  summation  process,  the  effect  is  small.  The  effects  of 
smell  differences  are  not  cumulative  as  they  are  for  computations  of 
deflections.  The  assumption  of  layers  of  infinite  horizontal  extent 
will  also  affect  the  computed  response.  For  rigid  pavements  with  small 
thick  slabs,  this  may  be  important  and  is  one  of  the  weaknesses  of  the 
layered  elastic  idealization. 

The  decision  was  made  to  modify  the  model  by  incorporating  a 
layer  of  infinite  thickness  having  a modulus  of  elasticity  of  1 * 10^  psi 
and  a Poisson's  ratio  of  0.4  at  a depth  of  20  ft,  unless  exploration 
indicates  the  need  for  some  other  representation.  This  was  a rather 
arbitrary  decision  but  was  based  on  observations  of  what  was  needed  to 
improve  agreement  between  measured  and  computed  values.  Certainly  it  is 
realized  that  the  magnitude  of  the  load  and  thickness  of  the  PCC  slab 
will  influence  the  depth  to  which  the  underlying  material  is  affected 
and  thus  should  be  considered  in  positioning  the  stiff  layer.  However, 
about  20  ft  appeared  to  be  a practical  value  for  aircraft  loads  and  a 
reasonable  range  of  pavement  thicknesses.  The  value  of  1 x 10^  psi  for 
the  modulus  is  several  orders  of  magnitude  larger  than  the  modulus  of 
elasticity  for  most  subgrades  and  appears  to  work  very  well.  This 
modulus  value  and  the  Poisson's  ratio  of  0.4  can,  however,  be  varied 
considerably  without  affecting  the  results  to  any  great  extent. 

The  acceptability  of  the  modification  may  be  enhanced  by  con- 
sidering several  typical  examples.  Figures  10-12  show  influence  lines 
of  vertical  deflection  measured  as  the  load  traveled  across  the  pavement 
and  deflection  basins  computed  with  the  BISTRO  code  with  and  without  a 
stiff  layer.  The  difference  in  an  influence  line  and  a deflection  basin 
is  that  data  for  the  influence  lines  were  obtained  from  a gage  at  a fixed 
location  in  the  pavement  as  the  load  moved  and  the  deflections  for  the 
basin  were  computed  for  various  locations  in  the  pavement  with  the  load 
located  at  a fixed  position,  i.e.,  center  of  loaded  area  located  at  point 
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Figure  10.  Comparison  of  measured  deflection  influence  lines 
with  computed  deflection  basins  - Gage  1 
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of  maximum  response.  Because  of  the  approximations  of  linearity , 
elasticity,  and  time  independency,  the  two  are  relatively  compatible 
for  pavements. 

The  results  shown  in  Figures  10-12  are  typical  of  the  results 
observed  for  rigid  pavements.  The  inclusion  of  the  stiff  layer  improves 
the  correlation  between  the  measured  and  computed  deflections  and  the 
shape  of  the  curves.  Of  particular  significance  is  the  location  at 
which  the  deflections  become  small  or  zero.  It  has  been  observed  (even 
for  flexible  pavement  structures)  that  the  elastic  layered  idealization, 
without  a stiff  layer,  indicates  significant  deflections  far  from  the 
load,  while  measurements  have  shown  that  the  deflections  decrease 
rapidly  as  the  distance  from  the  load  increases.  This  has  been  inter- 
preted to  mean  that  the  zone  of  influence  within  the  pavement  is  not  as 
great  as  predicted  by  the  elastic  layered  idealization  in  which  the 
subgrade  extends  to  infinity. 

Additional  comparisons  are  provided  in  Figures  13  and  l4,  which 
are  plots  of  computed  and  measured  deflection  (with  and  without  a stiff 
layer)  for  a range  of  pavements  and  loads.  The  pavements  are  from  test 
tracks,  which  will  be  described  later.  The  deflections  are  usually  the 
largest  values  obtained  with  the  load.  Some  of  the  measured  values  were 
for  static  loadings,  and  some  were  for  slow-moving  loads. 

A line  of  equality  and  two  linear  regression  lines  are  presented 
in  both  Figures  13  and  lit.  The  regression  analyses  were  accomplished 
with  measured  deflections  as  the  independent  variable  and  computed 
d-e flections  as  the  dependent  variable.  Both  regression  functions  are 
based  on  least  square  criteria,  and  one  has  the  added  constraint  of 
passing  through  the  origin. 

Canputed  deflections  without  a stiff  layer  are  shown  in  Figure  13. 
The  regression  function  constrained  through  the  origin  is  described  by 
the  equation 

A - 1.338A  (1) 

and  the  unconstrained  regression  function  is  described  by  the  equation 
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Figure  ll+.  Comparison  of  measured  deflections  with 
deflections  computed  with  a stiff  layer 
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(2) 


A = 0.20  + 0.998A 
c m 


where 

Ac  = computed  deflection  without  a stiff  layer 

A = measured  deflection 
m 

Computed  deflections  with  a stiff  layer  are  shown  in  Figure  lU. 
The  regression  function  constrained  through  the  origin  is  described  by 
the  equation 

A'  = 0.937A  (3) 

c m 

and  the  unconstrained  regression  function  is  described  by  the  equation 


A"  = 0.0114  + 0.739A  (1*) 

c m 

where  A'  = computed  deflection  with  a stiff  layer. 

Examination  of  Figures  10-l4  and  the  regression  functions  reveal 
the  following: 

a.  Computation  without  the  stiff  layer  overpredicts  deflections. 

b.  The  deflections  computed  with  a stiff  layer  are  a better 
approximation  of  the  measured  deflections.  (Evidence  of 
this  is  the  position  of  the  regression  functions  relative 
to  the  line  of  equality  and  the  closeness  to  unity  of  the 
coefficients  for  the  constrained  regression  functions.) 

£.  The  variability  of  the  computed  values  is  reduced  by  inclusion 
of  the  stiff  layer.  (Evidence  of  this  is  the  difference 
between  the  standard  errors  associated  with  the  unconstrained 
regression  analyses.) 

To  summarize,  it  was  comparisons  such  as  those  Just  described  that 
led  to  the  decision  to  make  the  rather  arbitrary  modification  to  the 
elastic  layered  idealization.  Although  computations  of  stress  and  strain 
do  not  appear  to  be  affected  to  the  extent  that  the  deflections  are 
affected,  it  is  believed  that  the  modification  improves  the  overall 
acceptability  of  the  model.  From  a practical  standpoint,  it  minimizes 
the  need  to  explore  and  characterize  the  subgrade  to  large  depths  unless 
the  geology  of  the  area  indicates  that  a soft  or  stiff  layer  is  probable 
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between  the  normal  exploration  limits  and  about  20  ft  or  a soft  layer 
below  20  ft. 


■ 


SELECTION  OF  MATERIAL  CHARACTERIZATION  PROCEDURES 

GENERAL 

The  amount  of  research  that  has  been  directed  toward  charac- 
terizing paving  materials  and  subgrades  with  a test  that  is  more 
accurate  and  more  fundamental  than  a plate  bearing  or  CBR  (California 
Bearing  Ratio)  test  is  truly  prodigious.  Conversely,  the  formulation 

and  application  of  practical,  usable,  widely  accepted  procedures  for 
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the  routine  design  of  rigid  pavements  is  truly  meager.  Chou  has 
prepared  a state-of-the-art  report  on  the  characterization  of  pavement 
materials  including  subgrades.  Much  of  the  discussion  in  this  chapter 
will  be  based  on  this  study. 

The  materials  composing  a rigid  pavement  respond  neither  linearly 
nor  elastically  to  load,  but  in  a complex  manner.  Generally,  the  re- 
sponse is  nonlinear  and  nonelastic  for  a rather  wide  range  of  stress 
and  strain  conditions.  The  approximation  of  linear  elasticity  is  more 
valid  for  such  materials  as  PCC  and  bound  bases  (subbases)  than  it  is 
for  granular  bases  (subbases)  and  subgrades.  PCC  and  bound  bases 
(stabilized  with  PC  or  lime)  tend  to  be  more  brittle  and  have  more 
linear  stress-strain  relationships  as  illustrated  in  Figure  15.  The 
response  of  many  of  the  materials  i6  highly  dependent  on  the  state  of 
stress  and  the  number  of  load  repetitions  to  which  the  material  has 
been  subjected.  Although  the  response  of  rigid  pavements  is  not  as 
sensitive  to  time  and  temperature*  as  flexible  pavement , temperature 
and  rate  of  loading  will  have  an  influence  on  the  characterization  of 
materials  in  which  a bituminous  binder  is  used  or  in  other  layers  where 
freezing  occurs. 

The  pavement  designer  must  then  approximate  the  complex  response 
of  materials  in  order  to  use  a simple  analytical  procedure  to  obtain  the 
response  of  a pavement.  As  it  turns  out,  many  of  the  necessary  approxi- 
mations are  not  nearly  so  drastic  as  might  be  suspected  from  considera- 
tion of  the  total  response  of  the  materials.  The  states  of  stress 

* That  is,  if  the  effects  of  temperature  gradients  within  the  PCC  slab 
are  ignored. 


28 


e « • t n o 

“bob  o' 


♦I"  (i)V) 
i>V 


29 


Comparison  of  typical  stress— strain  response  of  types  of  materials  in  rigid  pavements 


and  strain  within  pavements  are  usually  within  the  range  where  the 
assumption  of  linear  response  is  reasonable.  After  only  a limited  number 
of  load  repetitions,  the  assumption  of  elastic  response  will  usually 
become  more  reasonable,  although  for  initial  loadings  the  response  may 
have  been  very  inelastic  and  nonlinear.  The  state  of  stress  is  variable 
throughout  a pavement  structure  and  wi'1 1 depend  on  the  loading  and 
layer  thicknesses.  However,  a state  of  stress  may  be  selected  which 
will  provide  a reasonable  approximation  of  conditions  that  exist  in 
real  airport  pavements. 

Layers  with  bituminous  binders  are  beneath  the  surface,  where 

S 

the  variability  in  the  temperature  regime  is  not  as  great  as  it  is  for 
flexible  pavements  and  the  effects  of  the  rate  of  loading  are  not  as 
critical.  Suitable  temperatures  and  rates  of  loading  can  be  selected 
that  provide  adequate  characterization  of  the  material  containing  a 
bituminous  binder.  As  to  the  effect  of  freezing  on  the  subgrade,  the 
most  critical  period,  in  terms  of  magnitude  of  pavement  response,  is 
dinring  periods  of  thaw,  and  these  conditions  can  be  approximated  in  the 
laboratory. 

Procedures  will  be  considered  for  determining  the  load  deformation 
characteristics  of  PCC  surface  layers,  granular  bases  (subbases),  bound 
bases  (subbases),  and  subgrades.  Details  of  the  procedures  for  subgrades 
will  depend  on  whether  the  material  behaves  as  a cohesive  or  cohesionless 
material. 

At  this  time,  some  discussion  of  terminology  regarding  the  four 
types  of  materials  that  compose  rigid  pavements  is  needed.  There  is 
general  agreement  as  to  what  constitutes  PCC  surface  layers  and  sub- 
grades. Misunderstandings  and  the  need  for  more  precise  definitions 
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arise  when  considering  bound  or  granular  bases  (subbases).  Chou 
discusses  bound  bases  (subbases)  under  the  general  heading  of  soil 
stabilization,  i.e.,  stabilizing  agents,  stabilization  mechanism,  pur- 
poses for  stabilization,  and  resulting  material  properties.  Wide 
ranges  in  each  aspect  of  the  stabilization  are  noted.  Barker  and 
Brabston^  discuss  the  general  area  of  stabilization  and  provide  limiting 
values  for  determining  when  the  stabilizing  agents  are  effective  in 
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modifying  the  properties  of  the  natural  material.  The  one  fact  that 
"becomes  readily  apparent  from  these  and  other  discussions  on  the  subject 
is  that  there  are  many  "gray"  areas  and  only  a few  "black  and  white." 

To  the  myriad  of  existing  definitions  and  concepts  will  be  added  several 
more,  which  are  peculiar  to  the  procedure  contained  herein. 

Bound  bases  (subbases)  are  natural  soils,  prepared  soils  (washing, 
grading , crushing , etc . ) , or  crushed  stone , which  has  portland  cement , 
lime  (slaked  or  hydrated),  fly  ash,  sodium  silicate,  bitumen,  or  a com- 
bination of  the  listed  ingredients  added.  A distinction  is  made  between 
bound  bases  in  which  the  stabilizing  agent  is  a bituminous  binder  and 
one  in  which  another  of  the  listed  agents  is  used.  Bituminous  stabilized 
bases  depend  on  the  mechanical  bond  between  particles  provided  by  the 
bitumen  binder.  The  other  agents  (primarily  portland  cement,  lime,  or 
lime- fly  ash)  depend  on  certain  chemical  reactions  to  provide  the  bond 
between  particles  and  will  be  referred  to  as  chemically  stabilized 
bases.  The  distinguishing  feature  of  both  types  of  bases  is  that  the 
material  can  be  molded  into  a beam  and  can  sustain  flexural -type  loadings. 

Bituminous  bases  should  meet  requirements  as  set  forth  in  Ref- 
erences 26  and  27  for  bases  in  which  a bituminous  binder  is  used.  The 
references  contain  specifications  for  gradation,  amount  of  binder,  etc., 
which  are  intended  to  ensure  that  the  material  functions  as  a bound 
material. 

Chemically  stabilized  materials  should  meet  requirements  set  forth 
in  References  26,  28,  and  29.  Among  these  are  requirements  for  durability 
and  the  requirement  that  strength  increase  with  age,  which  are  intended 
to  ensure  that  the  materials  continue  to  function  with  age  and  that  no 
adverse  chemical  reactions  occur.  However,  in  terms  of  ensuring  that 
the  material  functions  as  a bound  material  (sustain  flexural  loading), 
the  requirement  that  the  material  attain  an  unconfined  compressive 
strength  of  250  psi  at  28  days , as  set  forth  by  Barker  and  Brabston 
is  applicable  for  rigid  pavements.  This  requirement  should  be  used  in 
lieu  of  strength  requirements  in  References  26,  28,  and  29. 

Those  materials  that  have  a chemical  stabilizing  agent  added  but 
do  not  meet  the  250-psi  compressive  strength  requirement  should  be 
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characterized  with  procedures  for  granular  bases  (subbases)  or  subgrades, 
depending  on  the  nature  of  the  natural  material.  For  instance,  a clay 
subgrade  to  which  lime  has  been  added  but  which  does  not  meet  the  250-psi 
strength  requirement  should  be  characterized  and  considered  simply  as 
part  of  the  subgrade.  The  general  rule  is  that  the  material  should  be 
characterized  and  used  in  the  design  as  if  no  stabilizing  agent  had  been 
added  when  the  compressive  strength  requirement  is  not  met. 

Granular  bases  (subbases)  are  natural  soils,  prepared  soils 
(washing,  grading,  crushing,  etc.),  or  crushed  stone,  which  meets  grada- 
tion and  durability  requirements  as  set  forth  in  References  1-3,  2k,  and 
26.  The  characteristic  of  granular  bases  (subbases)  that  distinguishes 
them  from  bound  bases  (subbases)  is  that  they  do  not  possess  and/or  will 
not  maintain  the  ability  to  sustain  flexural  loading. 

The  elastic  constants  defined  for  each  layer  will  be  the  modulus 
of  elasticity  and  Poisson's  ratio.  The  modulus  of  elasticity  will  re- 
ceive the  greater  attention  for  several  practical  reasons.  One  is  that, 
in  terms  of  response  of  the  pavement,  the  modulus  of  elasticity  is  the 
dominant  of  the  two  parameters.  A second  is  that  Poisson's  ratio  varies 
only  within  a limited  range  for  the  different  types  of  materials  com- 
posing a pavement  structure.  Finally,  it  is  difficult  to  accurately 
determine  Poisson's  ratio  from  laboratory  tests. 

The  strength  of  the  PCC  surface  layer  will  be  defined  by  the 
flexural  strength.  This  parameter  is  required  in  current  design  proce- 
dures, and  the  same  well-established  characterization  procedures  will 
be  used. 

EFFECTS  OF  LOAD  REPETITIONS 

To  examine  the  effects  of  repetitive  load  applications  on  the 
response  of  rigid  pavements,  study  the  vertical  deflection  patterns  that 
occur  as  a typical  rigid  pavement  is  trafficked.  The  total  vertical 
slab  deflection  can  be  broken  into  transient  (elastic)  and  permanent 
components.  For  rigid  pavements,  the  elastic  component  remains  rela- 
tively constant  or  decreases  somewhat  with  traffic  (Figure  l6).  After 
cracking  is  initiated,  the  elastic  deflection  will  increase  as  the 
result  of  the  overall  decreased  stiffness  of  the  entire  system. 
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Figure  1 6.  Elastic  slab  deflection  versus  traffic 

Permanent  deformation  initially  occurs  as  the  slabs  become  seated 
and  additional  densification  of  loose  material  occurs.  This  deformation 
is  rapid  at  first  but  then  decreases  as  traffic  is  applied  and  essen- 
tially decreases  to  zero.  Figure  17  shows  that  the  cumulative  deforma- 
tion becomes  relatively  constant  and  remains  so  until  cracking  begins. 

In  fact.  Figure  17  indicates  that  between  600  and  2000  coverages  there 
is  a decrease  in  the  permanent  deformation,  i.e.,  the  pavement  surface 
appears  to  rise.  It  is  not  known  if  this  decrease  is  traffic-related 
or  due  to  other  causes.  The  only  significant  decrease  in  permanent 
deformation  occurred  between  600  and  800  coverages  for  the  20-in. 
pavement  and  between  600  and  1000  coverages  for  the  15-in.  pavement. 

The  fact  that  the  decrease  in  the  permanent  deformation  is  greater  for 
the  20-in.  pavement  than  for  the  15-in.  pavement  and  occurred  between 
two  consecutive  readings  indicates  that  the  decrease  is  not  related  to 
traffic;  thus,  it  is  concluded  that  after  the  initial  permanent  deforma- 
tion, the  traffic-induced  permanent  deformation  remains  relatively 
constant  until  the  onset  of  cracking.  As  cracking  progresses,  permanent 
deformation  again  begins  to  increase. 
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Figure  17-  Cumulative  permanent  deformation  versus  traffic 

The  pattern  of  the  total  deflection  will  be  similar  to  that  for 
the  permanent  deformation  since  the  total  is  the  sum  of  the  permanent 
and  the  relatively  constant  elastic  components.  The  total  deflection 
will  then  become  practically  equal  to  the  elastic  deflection  after  ini- 
tial conditioning.  For  pavements  designed  for  realistic  volumes  of 
traffic,  this  situation  exists  for  a large  portion  of  the  life  of  the 
pavement . 

Pavement  response  is  a composite  of  the  responses  of  the  various 
layers.  The  difference  in  the  response  of  the  four  different  types  of 
materials  to  static  compression  loading  (triaxial  tests)  is  illustrated 
in  Figure  15.  Although  these  results  are  from  static  tests,  the  same 
effects  exist  for  repetitive  loads.  The  effects  of  repeated  loading 
are  more  pronounced  for  subgrades  and  granular  materials  than  for  PCC 
and  bound  bases.  The  relative  influence  of  the  assumptions  of  linearity 
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and  elasticity  are  the  same  for  static  and  resilient  response.  The 
effects  of  repeated  loading  on  the  PCC,  granular  bases  (subbases),  bound 
bases  (subbases),  and  subgrades  are  discussed  in  detail  in  Appendix  A. 

MODULUS  OF  ELASTICITY 
AND  POISSON'S  RATIO 

' Based  on  the  discussions  presented  in  Appendix  A,  the  rigid  pave- 
ment system  may  be  represented  on  a quasi-linear  elastic  system.  The 
modulus  and  Poisson's  ratio  values  are  selected  based  upon  best  esti- 
mates of  in-place  conditions.  The  modulus  of  elasticity  and  Poisson's 
ratio  of  PCC  are  relatively  insensitive  to  state  of  stress,  temperature, 
or  stress  repetitions  and  thus  can  be  represented  with  a high  degree  of 
confidence  from  the  results  of  laboratory  tests.  The  particular  labora- 
tory test  considered  most  appropriate  in  representing  the  conditions  of 
the  PCC  in  a pavement  system  is  the  flexural  beam  test,  and  thus  it  is 
the  flexural  modulus  to  be  used  for  design.  This  is  not  to  eliminate 
the  use  of  other  testing  procedures  for  determining  a modulus , but  it 
should  be  stressed  that  these  design  criteria  are  based  upon  the  flexural 
modulus  and  that  other  modulus  values  should  be  related  to  the  flexural 
modulus.  There  have  been  numerous  studies  relating  the  modulus  values 
obtained  from  other  test  procedures,  such  as  the  uniaxial  compression 
test,  split  tensile  test,  and  resonant  column  test.  If  the  designer 
has  confidence  in  the  correlations  to  the  flexural  modulus,  then  the 
results  of  these  tests  can  be  used;  but  the  designer  should  also  realize 
that  the  level  of  confidence  of  the  design  systems  may  be  somewhat 
reduced  by  such  correlations.  The  usage  of  Poisson's  ratio  is  rela- 
tively narrow,  and  the  effects  of  varying  Poisson's  ratio  over  this 
range  on  the  computed  response  is  almost  negligible.  Considering  the 
difficulty  in  measuring  Poisson's  ratio,  a fixed  value  of  0.2  for  PCC 
will  be  adequate  for  design  purposes.  Thus,  this  has  been  the  value 
of  Poisson's  ratio  selected  for  development  of  the  design  criteria. 

The  modulus  and  Poisson's  ratio  values  of  base  material  vary  over 
a wide  range.  A compensating  factor  is  that  the  principal  strength  of 
rigid  pavement  is  derived  from  the  concrete  surfacing,  and  thus  rela- 
tively large  variations  in  the  moduli  of  the  base  can  be  tolerated. 
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For  bound  bases,  since  the  properties  in  flexure  are  considered  to  be 
appropriate,  the  beam  test  as  given  in  Appendix  A should  be  employed. 
Bituminous  bound  bases  in  particular  are  subject  to  a variation  in 
modulus  and  Poisson's  ratio  due  to  differences  in  binder  type,  binder 
content,  temperature,  and  rate  of  loading.  There  are  procedures,  as 
discussed  by  Barker  and  Brabston  and  Chou,^  for  estimating  the 
modulus  and  Poisson's  ratio  of  bituminous  bound  bases  that  can  be  used 
for  design.  Such  procedures  would  certainly  be  appropriate  for  designs 
that  employ  bituminous  bases  primarily  for  waterproofing  and  not  as  a 
structural  element.  Bases  stabilized  with  cement  and/or  lime  will  be 
similar  in  behavior  to  PCC,  i.e.,  the  modulus  will  depend  on  the  strength 
of  the  material  with  Poisson's  ratio  relatively  constant.  As  with  PCC, 
correlations  between  the  properties  in  flexure  and  the  properties  as 
determined  by  other  laboratory  tests  have  been  developed.  As  with  the 
bituminous  bound  bases,  the  modulus  of  relatively  thin  bound  bases  can 
be  crudely  estimated  without  seriously  compromising  the  pavement  design. 
Published  values  of  the  modulus  of  chemically  stabilized  materials  vary 
over  a wide  range,  i.e.,  from  less  than  100,000  to  that  approaching  the 
modulus  of  lean  concrete.  For  development  of  these  criteria,  a modulus 
value  of  250,000  psi  was  used.  This  modulus  may  be  considered  typical 
of  what  may  be  expected  from  a stabilized  base.  Poisson's  ratios  for 
chemically  stabilized  bases  vary  over  a wider  range  than  the  values  for 
PCC,  but  0.2  would  still  be  an  adequate  estimation. 

The  properties  of  granular  bases  are  very  dependent  on  the  state 
of  stress,  state  of  compaction,  moisture  content,  and  to  some  lesser 
degree  on  the  aggregate  quality.  By  specifying  the  material  quality 
and  compaction  requirements  and  dealing  with  moisture  conditions  through 
assuming  a nearly  saturated  condition  or  by  applying  some  rationale  for 
arriving  at  a design  moisture  content,  the  remaining  variable  Influencing 
the  modulus  is  the  state  of  stress.  Since  this  particular  parameter 
does  have  such  an  important  effect  on  the  modulus  of  base  materials,  a 
detailed  discussion  is  presented  in  Appendix  A on  the  state  of  stress 
under  rigid  airport  pavements.  The  study  indicates  that  the  first  stress 
invariant  in  bases  does  not  vary  greatly  and  that  a value  of  10  psi  would 
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be  a typical  value  applicable  for  pavement  design.  The  repetitive 
triaxial  test  is  considered  to  be  the  laboratory  test  that  can  best  be 
used  to  establish  the  characteristics  of  a particular  granular  material. 
Other  approximate  methods  have  been  developed  that  do  yield  reasonable 
modulus  values , but  care  should  be  exercised  in  the  use  of  either  the 
typical  state  of  stress  or  the  approximate  methods  of  determining  the 
modulus.  For  these  procedures  to  be  appropriate,  the  pavement  design 
should  be  a typical  design  and  the  materials  should  meet  the  specified 
quality  and  compaction  requirements. 

Poisson's  ratio  of  granular  materials  varies  with  the  shear 
stress.  In  the  range  of  stress  normally  encountered  in  rigid  pavement, 
the  value  of  0.3  is  an  appropriate  value  for  design.  In  the  repetitive 
triaxial  test,  the  Poisson's  ratio  is  particularly  difficult  to  measure 
and  is  subject  to  a high  degree  of  error;  thus,  in  most  design  situ- 
ations, no  attempt  would  be  made  to  measure  this  material  property. 

Characterization  of  subgrade  soils  is  normally  considered  much 
more  crucial  than  characterization  of  the  bases , primarily  because  of 
the  relative  thickness  between  the  two  and  because  of  greater  vari- 
ation, which  can  occur  in  subgrade  materials.  In  many  ways,  charac- 
terization of  the  subgrade  materials  is  very  similar  to  characterization 
of  unbound  granular,  i.e.,  the  material  must  be  characterized  with 
respect  to  a state  of  stress,  moisture  condition,  and  material  density. 
As  with  the  unbound  base,  the  repetitive  triaxial  test  is  considered  to 
be  the  appropriate  laboratory  test  for  characterizing  the  material.  For 
the  cohesionless  subgrade,  the  characterization  procedure  is  the  same  as 
for  the  unbound  base,  except  the  material  quality  and  material  densities 
will  not  meet  the  requirements  for  base  materials;  thus,  some  of  the 
appropriation  procedures  will  not  be  valid.  For  cohesive  soils,  the 
modulus  is  more  a function  of  the  deviator  stress  them  the  first  stress 
invariant;  hence,  this  is  the  stress  parameter  used  in  characterization 
of  the  cohesive  subgrades.  Based  on  the  discussions  in  Appendix  A,  a 
5-psi  deviator  stress  is  considered  to  be  an  adequate  estimation  for 
design  of  a typical  airport  pavement.  As  with  the  bases,  since  these 
values  of  stress  are  estimates  for  a typical  pavement , it  may  be 
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desirable  to  check  these  estimates  through  computation  of  the  stresses 
before  the  design  is  finalized. 

As  discussed  in  Appendix  A,  the  moisture  content  at  which  the 
laboratory  tests  are  conducted  is  very  critical.  Studies  of  the  mois- 
ture content  in  airport  subgrades  have  indicated  that  in  most  cases  the 
subgrade  material  is  near  saturation.  In  selecting  a moisture  content 
at  which  the  laboratory  tests  are  to  be  conducted,  the  final  or  equilib- 
rium water  content  should  be  considered.  In  some  design  situations,  the 
designer  may  have  information  indicating  that  this  final  moisture  con- 
tent would  be  less  than  saturated.  For  such  cases,  savings  may  be 
realized  by  designing  the  pavement  on  the  expected  subgrade  moisture 
content  rather  than  the  saturated  water  content. 

Much  effort  has  been  applied  toward  developing  correlations 
between  other  material  parameters  and  resilient  modulus . A study  con- 
ducted by  the  U.  S.  Army  Engineer  Waterways  Experiment  Station  (WES)  for 
correlating  modulus  of  subgrade  reaction  as  determined  by  the  plate 
bearing  test  is  discussed  in  Appendix  A.  Such  correlations  can  be  use- 
ful in  estimating  the  resilient  modulus  of  the  subgrade,  but  as  with  any 
empirical  correlation  care  must  be  exercised  in  their  use.  Particular 
care  must  be  taken  in  the  case  of  field  tests  conducted  to  ensure  that 
the  moisture  conditions  at  the  time  the  tests  are  conducted  will  be 
representative  of  the  final  water  content  of  the  subgrade. 

When  the  moisture  content  of  the  subgrade  approaches  the  satura- 
tion moisture  content,  the  Poisson's  ratio  of  the  material  will  approach 
0.5.  In  the  study  at  the  WES,  O.U  has  been  found  to  be  a representative 
value  for  most  subgrades.  For  subgrades  that  are  to  be  considered  near 
saturation,  it  is  suggested  that  O.U  would  be  an  adequate  estimation  of 
Poisson's  ratio.  If  seme  lesser  moisture  content  is  considered  appli- 
cable for  design,  then  Poisson's  ratio  should  be  measured,  or  some  lesser 
value  of  Poisson's  ratio  should  be  appropriate. 

SUMMARY 

Table  1 provides  a summary  for  determining  the  modulus  and 
Poisson's  ratio  for  use  in  the  analysis  of  rigid  pavements.  The  column 
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entitled  "Influencing  Parameters"  may  need  additional  explanation  since 
the  parameters  listed  are  by  no  means  all  of  the  parameters  that  in- 


fluence the  modulus  of  a material.  First,  the  table  assumes  that  the 
material  tested  is  used  in  the  pavement  and  meets  the  material  specifi- 
cations. For  example,  for  the  bituminous  concrete,  it  is  assumed  that 
the  aggregate,  bitumen,  moisture,  and  density  are  the  same  as  to  be 
used  and  do  meet  the  specifications.  Thus,  in  setting  up  the  labora- 
tory tests  many  influencing  parameters  will  be  fixed  but  others,  i.e., 
those  parameters  listed,  will  be  variable,  and  particular  care  must  be 
exercised  in  the  control  of  these  test  parameters. 


DEVELOPMENT  OF  PERFORMANCE  CRITERIA 


GENERAL 

Historically,  performance  criteria  for  rigid  pavements  have  been 
based  on  limiting  the  tensile  stress  in  the  PCC  slab  to  levels  such  that 
failure  occurs  only  after  the  pavement  has  sustained  a number  of  load 
repetitions.  Cracking  or  other  forms  of  pavement  distress  are  attributed 
to  the  repeated  application  of  loads,  and  the  process  and  criteria  are 
referred  to  as  fatigue  and  fatigue  criteria.  The  fatigue  process  for 
rigid  pavements  is  assumed  to  be  similar  to  that  for  a PCC  beam,  and  the 
criteria  are  presented  in  the  same  manner  as  the  results  of  fatigue 
testing  of  concrete  beams,  i.e.,  a plot  is  made  of  the  ratio  of  the 
applied  stress  to  the  strength  of  the  PCC  versus  the  number  of  stress 
repetitions  applied. 

Yimprasert  and  McCullough^  prepared  a plot  comparing  performance 
(will  not  be  referred  to  as  fatigue  herein)  criteria  from  several 
sources.  These  comparisons  (Figure  18)  are  based  on  both  laboratory 
tests  of  beams  and  the  results  from  the  American  Association  of  State 
Highway  Officials  (AASHO)  road  tests.  The  performance  criteria  recom- 
mended by  the  Portland  Cement  Association'5  (Figure  19)  are  based  on 
laboratory  tests  of  beams.  The  performance  criteria  developed  by  the 
Corps  of  Engineers  are  based  on  results  of  full-scale  test  pavements 
subjected  to  controlled  accelerated  simulated  aircraft  traffic.  The 
evolution  of  these  criteria  is  described  in  References  31-35.  One  ver- 
sion of  these  criteria  is  shown  in  Figure  20.  This  curve^  is  a plot 
of  the  design  factor  (DF)  versus  coverages  from  the  equation 

DF  = R/0.75cre  (5) 


where 

DF  = design  factor 
R = PCC  flexural  strength 

cj  * tensile  stress  in  the  bottom  of  the  PCC  slab  computed  with 
the  Wester gaard  edge-load  idealization 
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Figure  18.  Comparison  between  field  and  laboratory  tests 
on  fatigue  of  concrete^ 
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Figure  19.  Fatigue  curve  for  concrete  subjected  to 
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Figure  20.  Current  Corps  of  Engineers  limiting 
stress  performance  criteria 

The  factor  of  0.75  is  used  to  account  for  the  reduction  in  the  edge 
stress  resulting  from  the  support  provided  by  adjacent  slabs.  Coverages 
are  a measure  of  the  number  of  repetitions  of  the  maximum  stress  occur- 
ring at  a particular  location  in  the  pavement.  The  definition  and 
method  for  converting  actual  aircraft  operations  to  coverages  is  con- 
tained in  Reference  36.  The  criteria  developed  by  the  Corps  of  Engineers 

are  often  presented  in  the  form  of  a plot  of  percent  of  a standard  thick- 

37 

ness  versus  coverages. 

Upon  detailed  examination  of  the  various  fatigue  criteria,  it 
becomes  apparent  that  while  the  basic  concept  and  form  are  the  same, 
many  details  are  different.  The  data  for  the  criteria  are  derived  from 
two  sources:  controlled  traffic  tests  of  actual  pavements,  and  labora- 
tory flexural  tests  on  concrete  beams  (fatigue  in  compression  is 
described  by  compressive  loading  of  cylinders  or  cubes).  The  data  for 
the  curves  labeled  Hudson  and  Scrivner  and  Vesic  in  Figure  l8  were 
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developed  from  an  analysis  of  data  from  the  AASHO  road  tests.  In  Fig- 
ure 20,  the  data  for  the  curves  resulted  from  an  analysis  of  data  from 
test  pavements  trafficked  with  simulated  aircraft  traffic.  The  data  for 
the  curves  labeled  Kesler , Murdock  and  Kesler , and  Cleramer  in  Figure  18 , 
and  for  the  curves  in  Figure  19,  were  obtained  from  flexural  loading 
tests  of  concrete  beams. 

There  are  differences  in  procedures  for  counting  stress  repeti- 
tions. For  beam  tests,  the  procedure  is  simply  to  count  the  number  of 
applications  of  load,  although  complications  may  arise  concerning  the 
nature  of  the  load.  For  the  AASHO  road  tests , loads  were  applied  with 
vehicles  having  single-  and  tandem-axle  loads.  Stress  repetitions,  as 
defined  for  the  relationship  developed  by  Vesic  in  Figure  18,  were  the 
number  of  load  applications , with  the  tandem-axle  load  applying  two-load 
applications  with  each  pass.  In  Figure  20,  the  term  coverages  is 
synonymous  with  stress  repetitions.  Passes  of  a load  are  converted  to 
coverages,  which  are  a measure  of  the  number  of  times  the  maximum  stress 
will  occur  at  a particular  location  in  the  pavement.  To  convert  actual 
aircraft  traffic  to  coverages  (stress  repetitions),  the  random  lateral 
movement  of  the  load  across  the  pavement  is  considered.  A factor, 
referred  to  as  the  pass-to-coverage  ratio,  converts  the  number  of  air- 
craft passes  (may  be  referred  to  as  operations  or  departures)  to  the 
number  of  coverages  that  occur  at  the  location  of  maximum  accumulation 
within  the  pavement. 

The  computation  of  stress  is  accomplished  by  different  procedures. 
For  laboratory  beam  tests,  the  maximum  bending  stress  is  easily  calculable 
from  simple  equations  of  bending.  For  the  relationship  labeled  Hudson 
and  Scrivner  (from  AASHO  road  test)  in  Figure  18,  the  stresses  sure 
essentially  maximum  stresses  measured  along  the  pavement  edge , with  the 
loads  located  near  the  pavement  edge.  The  word  "essentially"  is  used, 
since  the  stresses  used  were  not  measured  directly.  Rather,  a series 
of  strains  were  measured,  then  converted  to  stresses,  and  an  empirical 
relationship  developed.  From  this  relationship,  the  stress  was  computed 
to  develop  the  performance  relationship.  The  curve  labeled  Vesic  in 
Figure  18  was  also  derived  from  an  analysis  of  the  AASHO  road  test  data. 


but  stresses  were  computed  using  the  finite  element  model  with  the 
Westergaard  idealization  of  the  pavement.  The  stresses  are  reported 
as  the  maximum  that  could  have  existed  in  the  pavement.  The  stresses 
for  the  relationships  in  Figure  20  were  computed  as  described  previously. 

There  are  differences  in  the  definition  of  failure.  For  the 
relationships  in  Figures  18  and  19  based  on  flexural  tests  of  beams , 
failure  is  defined  as  fracture  of  the  beams.  For  the  relationships 
based  on  data  from  the  AASHO  road  tests , failure  was  defined  as  the 
pavement  condition  when  the  serviceability  index  equaled  2.5-  The 
performance  criteria  in  Figure  20  are  based  on  what  is  referred  to  as 
the  initial  failure  condition.  This  is  defined  as  the  condition  at  which 
50  percent  of  the  slabs  in  the  traffic  area  have  developed  a crack  that 
divides  the  slab  into  two  or  three  pieces.  The  line  designated  k = 25 
to  200  defines  the  condition  at  which  the  cracking  will  occur  no  matter 
what  the  modulus  of  soil  reaction.  However,  performance  of  accelerated 
traffic  tests  and  results  of  condition  surveys  indicated  that  pavements 
with  high-strength  foundations  continued  to  satisfactorily  carry  loads 
after  cracking,  but  that  pavements  with  low-strength  foundations  devel- 
oped multiple  cracking  and  differential  displacements  soon  after  initial 
cracking.  For  this  reason,  additional  relationships  were  added  to  relax 
the  criterion  for  defining  failure  for  pavements  on  high-strength 
foundations  and  thus  in  essence  permit  additional  traffic  after  initial 
cracking. 

For  the  performance  criteria  contained  herein,  the  basic  data 
will  be  developed  from  test  pavements  subjected  to  controlled  accelerated 
simulated  aircraft  traffic.  The  term  coverages'5  will  serve  as  the  mea- 
sure of  traffic  or  stress  repetitions.  The  elastic  layered  idealization 
and  in  particular  the  BISAR  computer  code  will  compute  the  limiting 
stress.  The  maximum  principal  tensile  stress  occurring  in  the  bottom 
of  the  PCC  slab  and  the  vertical  PCC  slab  deflection  were  selected  as 
the  critical  response  parameters.  The  initial  crack  definition  of 
failure  selected  stated  that  a pavement  was  considered  failed  when 
approximately  50  percent  of  the  slabs  in  the  traffic  area  had  cracked. 


No  allowances  were  made  for  satisfactory  performance  after  initial 
cracking  for  pavements  on  high-strength  foundations. 

FULL-SCALE  ACCELERATED  TEST 

The  pavements  from  which  the  performance  criteria  were  developed 
are  described  in  Appendix  B.  These  pavements  were  constructed  and 
tested  by  the  Corps  of  Engineers  from  19^3  to  1973.  The  procedures  fol- 
lowed in  each  of  the  test  tracks  were  basically  the  same.  The  pavement 
sections  were  designed  to  answer  specific  questions  or  to  solve  certain-  . 
problems ; the  pavements  were  constructed  and  the  as-constructed  properties 
measured;  the  type  of  traffic  needed  to  answer  the  specific  questions  or 
to  solve  the  specific  problems  was  applied  to  the  pavement;  the  volume 
of  traffic  and  pavement  condition  were  monitored  until  failure  of  the 
pavement  was  achieved;  and  the  after-traffic  properties  of  the  pavement 
were  measured. 

Certain  details  of  each  test  were  different.  The  construction 
procedures,  time  of  construction,  geographic  location,  type  subgrade, 

■type  Joints,  type  load,  distribution  of  loading,  extent  and  type  of 
testing,  etc.,  varied.  Although  extrapolation  to  a general  design 
procedure  is  considered  justifiable,  it  should  be  recognized  that  the 
entire  range  of  conditions  that  might  be  experienced  by  a pavement  has 
not  been  covered.  Another  factor  to  be  recognized  is  that  although  the 
volume  of  data  may  seem  substantial,  it  is  not  sufficient  to  define  a 
complete  set  of  criteria.  The  relationships  presented  are  simplifica- 
tions of  what  are  probably  more  extensive  and  complex  families  or  sys- 
tems of  relationships.  Because  of  the  limited  data  available  for  each 
range  of  conditions , the  relationships  provided  are  agglomerations  of 
a group  of  relationships.  For  example,  the  limiting  stress  criteria  are 
defined  by  a single  relationship.  If  more  data  had  been  available,  it 
may  have  been  possible  to  define  a family  of  relationships  for  different 
loadings  or  possibly  foundation  stiffnesses. 

The  use  of  data  from  actual  traffic  tests  permits  a number  of 
factors  to  be  considered  indirectly  in  the  design.  The  performance  is 
directly  related  to  traffic,  and  the  resulting  criteria  are  for  the 


entire  pavement  rather  than  for  one  component  or  material,  such  as 
fatigue  of  the  PCC  as  obtained  from  beam  tests.  Environmental  effects 
are  not  considered  in  the  computation  of  the  response  parameters  for 
developing  t..e  criteria.  Although  the  full-scale  pavements  experienced 
the  effects  of  temperature  and  moisture  changes  and  gradients,  fric- 
tional restraint  forces,  etc.,  the  range  of  conditions  experienced  vas 
not  all-inclusive. 

The  accelerated  traffic  tests  were  conducted  over  short  periods 
of  time , and  the  detrimental  effects  of  exposure  to  the  environment  are 
not  experienced.  However,  the  beneficial  effects  of  time  are  not  con- 
sidered either.  PCC  gains  strength  with  time;  the  strength  of  cohesive 
subgradr-s  does  not  reach  the  minimum  strength  until  saturation  occurs 
(which  takes  time),  nor  do  the  minimum  strength  conditions  prevail  all 
the  time.  However,  the  detrimental  and  beneficial  effects  of  time  may, 
to  a certain  extent,  counterbalance  each  other. 

The  effects  of  joints  are  not  considered  directly  although  it  is 
recognized  that  Joints  are  a point  of  weakness  in  rigid  pavements  and 
the  distress  is  usually  initiated  at  Joints.  The  effects  of  Joints  are 
handled  in  the  following  manner: 

ji.  The  test  pavements  all  had  Joints  and  slab  sizes  that  were 
similar  to  the  standard  types  used  in  airfield  pavements. 

b.  The  traffic  was  applied  in  the  most  critical  manner  with 
respect  to  the  joints. 

c_.  The  use  of  the  criteria  will  result  in  adequate  pavements 
provided  that  the  standard  Joint  types  and  similar  slab 
sizes  used  ensure  adequate  vertical  forces  transmitted 
between  slabs. 

Each  test  pavement  was  limited  in  size;  therefore,  construction 

procedures  and  equipment  were  not  of  the  size  and  complexity  used  for 

» 

constructing  large  amounts  of  aircraft  pavements.  More  manual  operations 
were  involved  in  the  construction  of  the  test  pavements  than  vould 
normally  be  involved  in  the  construction  of  a complete  runway  or  taxi- 
way. This  must  have  affected  the  variability  and  the  quality  of  pave- 
ment. Many  of  the  test  items  were  only  2,  3,  or  U slabs  in  size.  On 
full-scale  paving  Jobs,  the  pavement  at  the  start  of  a Job  or  even  at 


the  start  of  a day's  operations  is  normally  of  a poorer  quality  than  the 
pavement  constructed  after  the  "hugs"  are  worked  out  of  the  system. 

There  are  other  factors,  such  as  the  difference  in  the  consolidation  of 
PCC  with  hand-held  vibrators  as  compared  with  the  consolidation  with  a 
slip-form  paver.  The  question  of  the  difference  in  the  test  pavements 
and  actual  airport  pavements  is  unanswerable,  and  it  must  be  assumed 
that  the  test  pavements  were  representative  of  real  pavements. 

The  size  of  the  test  pavements,  some  of  which  were  only  one  slab 
in  size,  presents  another  problem.  Considering  the  variability  that 
naturally  occurs,  the  number  of  additional  slabs  needed  for  a truly 
representative  sample  is  not  known.  In  assigning  traffic  at  failure, 
average  conditions  were  selected  when  possible. 

The  volume  of  traffic  applied  to  the  test  pavements  was  small 
as  compared  with  the  volume  of  traffic  that  would  be  used  to  design 
pavements  for  today's  major  civil  airports  or  the  larger  military 
facilities.  The  primary  reason  for  this  is  the  cost  involved  in 
applying  large  amounts  of  traffic.  Another  reason  is  that  a number  of 
the  tests  were  conducted  during  the  19^0 's  and  1950 's  when  pavements 
were  designed  for  much  lower  traffic  volumes.  The  net  result  of  the  low 
applied  traffic  volumes  is  that  the  results  from  the  tests  will  have  to 
be  extrapolated  to  higher  traffic  volumes  in  order  to  be  used  to  design 
for  current  and  projected  traffic. 

In  summary,  the  use  of  data  from  full-scale  accelerated  traffic 
tests  has  certain  disadvantages.  However,  when  the  complexity  of  the 
problem  of  designing  pavements  and  alternative  sources  of  data  are 
considered,  it  apparently  is  the  best  alternative  for  producing  criteria 
that  are  generally  applicable  and  implementable. 

ASSIGNMENT  OF  MATERIAL 
PROPERTIES  TO  TEST  PAVEMENTS 

For  the  test  pavements  described  in  Appendix  A,  the  elastic 
properties  of  the  various  layers  shown  include  moduli  of  elasticity, 
Poisson's  ratio,  and  modulus  of  soil  reaction  values.  For  the  Multiple- 
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Soil  Stabilization  Pavement  Study^  pavements , the  values  shown  for  f1 1 
types  of  materials  vere  obtained  from  laboratory  and  field  tests  of  the 
various  materials.  However,  for  the  remainder  of  the  pavements  (Lock- 
bour£®  1_3»  Sharonville  Channelized,^1*’1*^  and  Sharonville  Heavy 
Load  ),  the  load  deformation  properties  of  the  foundation  material  were 
described  solely  by  the  modulus  of  soil  reaction  obtained  from  static 
plate  load  tests.  The  modulus  of  elasticity  for  the  subgrades  for  these 
pavements  was  obtained  from  the  correlation  between  modulus  of  elas- 
ticity and  static  modulus  of  soil  reaction  (Figure  21).  Values  of 

Poisson's  ratio  were  selected  from  values  presented  by  Barker  and 
10 

Brabston. 

Data  from  which  the  correlation  in  Figure  21  was  developed  are 
shown  in  Table  2.  These  data  were  obtained  by  conducting  static  plate 
bearing  tests  on  in  situ  soils  and  repeated  load  triaxial  tests 
(Appendix  D)  on  "undisturbed"  samples  of  cohesionless  soils  or  samples 
prepared  in  the  laboratory  to  approximate  field  conditions  for  cohe- 
sionless soils.  Two  points  in  Figure  21  were  not  vised  in  establishing 
the  correlation  since  the  laboratory  specimens  did  not  represent  the 
in  situ  conditions. 

The  general  application  of  a relationship,  such  as  shown  in 
Figure  21,  to  a wide  range  of  conditions  is  questionable  on  several 
accounts.  However,  for  the  purpose  for  which  it  was  developed  and  used 
herein,  it  did  appear  to  provide  reasonable  estimates  for  the  modulus 
of  elasticity  of  the  subgrade  in  the  earlier  test  tracks.  The  credi- 
bility of  the  correlation  is  enhanced  by  the  comparisons  presented  in 
Figure  22.  The  three  points  represented  three  conditions  in  which 
both  types  of  tests  had  been  performed.  Points  1 and  2 were  for  a high 
plasticity  clay  (CH)  and  point  3 was  for  a low  plasticity  clay  (CL). 

The  second  curve  in  Figure  22  was  taken  from  Reference  1*9.  The  proxim- 
ity the  three  additional  data  points  and  the  additional  curve  to  the 
established  relationship  indicates  that  the  correlation  should  provide 
reasonable  estimates  of  the  resilient  modulus  of  subgrade  soils.  It 
should  be  noted  that  the  laboratory  tests  were  conducted  according  to 
procedures  outlined  in  Appendix  D and  that  moduli  for  cohesive  soils 
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Table  2 


Data  for  Correlation  Between  Static  Modulus  of  Soil 
Reaction  and  Resilient  Modulus 


Soil 

Identification 

Modulus  of  Soil  Reaction 

Resilient  Modulus,  psl 

Bffll 

Class 

LL 

PI 

pci 

i 

CL 

36 

12 

35 

4,500* 

2 

CH 

50 

32 

170 

22,000* 

3 

CH 

58 

33 

32 

1,700* 

4 

SM 

N.P 

» 

116 

21,500** 

5 

CL 

1*9 

25 

75 

9,400* 

6 

ML 

27 

3 

225 

12,000** 

7 

SW-SM 

N.P, 

• 

190 

35,000** 

8 

SW-SM 

N.P, 

450 

112,500** 

9 

SP 

N.P, 

630 

91,000** 

10 

CL 

43 

21 

175 

32,500* 

11 

CH 

73 

1*8 

85 

4,500* 

12 

CH 

73 

1*8 

118 

13,200* 

13 

CH 

73 

1*8 

120 

7,625* 

14 

CH 

73 

1*8 

120 

9,000* 

15 

CH 

73 

1*8 

130 

6,213* 

16 

CH 

73 

1*8 

72 

6,500* 

17 

CH 

53 

34 

325 

200,000t 

18 

CH 

64 

42 

250 

102,500+ 

* Resilient  modulus  detennlned  at  deviator  stress  of  5 psl. 

**  Resilient  modulus  detennlned  at  first  stress  invariant  of  10  psl. 
t Points  not  used  to  establish  correlation.  Laboratory  specimens 
were  not  representative  of  in  situ  material. 
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Figure  22.  Comparison  of  correlation  with  measured  values 
and  correlation  from  Reference  49 
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were  selected  at  a deviator  stress  of  5 psl  and  at  a first  stress 

invariant  of  10  psi  for  cohesionless  soils. 

The  moduli  of  elasticity  for  the  granular  base  materials  in  the 

earlier  test  sections  were  selected  using  data  from  the  previously 

described  correlation  (when  plate  bearing  tests  were  conducted  on  top 

of  the  base  courses),  combined  with  information  from  other  sources. 

This  additional  information  was  obtained  from  procedures  for  determining 

moduli  of  granular  materials  described  by  Barker  and  Brabston  (Appendix 

G ) and  Chou,  and  from  test  results  for  similar  materials  presented 
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by  Chisolm  and  Townsend  and  Hicks.  Values  for  Poisson's  ratio  were 
assigned  from  values  recommended  by  Barker  and  Brabston.10  The  earlier 
test  pavements  did  not  contain  bound  base  courses. 

LIMITING  STRESS  CRITERIA 

The  limiting  stress  (fatigue)  criteria  are  presented  as  a rela- 
tionship between  design  factor  and  coverages.  The  basic  definitions  of 
coverages  and  design  factor  are  the  same  as  used  previously  for  Corps  of 
Engineers  criteria.  The  one  difference  in  detail  is  that  stress  as  com- 
puted with  elastic  layered  theory  is  substituted  for  the  stress  computed 
with  the  Westergaard  idealization,  and  the  factor  to  account  for  stress 
reduction  due  to  shear  between  slabs  is  omitted.  Design  factor  is  now 
defined  as 


DF"  = R/o 


(6) 


where 

DP"  * design  factor  for  stress  computed  with  elastic  layered 
theory 

R = PCC  flexural  strength 

a = maximum  principal  tensile  stress  at  bottom  of  PCC  slab 
computed  with  elastic  layered  model 

The  limiting  stress  criteria  are  illustrated  in  Figure  23.  The 

data  points  in  this  figure  are  listed  in  Table  3.  The  plus  signs  after 

coverages  in  Table  3 and  the  arrows  on  the  data  points  in  Figure  23 


j 
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Figure  23.  Performance  criteria  based  on  design  factors  listed  in  Table 


Table  3 


Data  for  Dereion—nt  ot  Performance  Criteria 


Slta  Location 

It®* 

Identification 

Tre.  U*ul 

Traffic, 
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Dccl<n 

2«ctor 

Vertical 

Deflection 

in. 

Lockbouraa 
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*o.  1 

A 

»*5 

1.31 
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B 
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0.0322 

B 

35 

1.03 

0.0558 

C 

200 

1.33 

0.0*37 

C 

It* 

0.92 

0.0757 

D 

1*50 

1.30 

0.0*98 

D 

33 

0.89 

0.0863 

E 

It  30* 

l.*8 

0.0*09 

E 

77 

1.02 

0.0712 

F 

550— 

1.87 

0.0**6 

F 
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1.25 

0.0770 

K 

72 

1.29 

0.063* 

K 

700 

1.91 

0.0393 

H 

150 

1.39 

0.0653 

H 

9 

0.9* 

0.105 

0 

573 

1.70 

0.0575 

0 

72 

1.1* 

0.0928 

P 

262 

1.2* 

0.089* 

P 

6 

0.8* 

0.1** 

Q 

1,390 

1.68 

0.0657 

Q 

57 

1.12 

0.106 

U 

88 

1.51 

0.0* 

u 

i 

1.5 

1.16 

0.0625 

A (Reconstr. ) 

Dual- 

•Wheel 
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1.87 

0.0*35 

Lockbourn® 

EL 

Sin®!®- Wheel 

97 

1.15 

0.06*1 

Ho.  2 

E2 

9*2 

1.19 

0.058* 

E3 

17 

1.07 

0.0808 

lU 

203 

1.0T 

0.0786 

E5 

*3 

1.53 

0.0*79 

E6 

t 

2,20*+ 

1.77 

0.0*07 

E7 

Sine 

e-Wheel 

2,20*— 

2.** 

0.03*6 

KL 

Dual-Tandea 
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1.21 

0.10* 

M2 

1 
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1.63 

0.080T 

M3 

Dual- 

Tandem 
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2. *6 

0.0562 

Lockbourn® 

1 

Dual- 

Wheel 

18 

0.82 

0.0903 

■o.  3 

SharooTill® 

57 

Dual-Wheal 

3*,650+» 

2.35 

0.0* 

Channelised 

56 

3*, 650+ 

1.98 

0.0** 

59 

7,600 

1.86 

0.03 

6o 

1,67* 

1.60 

0.018 

6l 

f 

3,867 

2.13 

0.01T 

62 

Dual-Wheel 

10,082 

2.72 

0.013 

Sharoarllle 

71 

Dual-Tandea 

9,680++ 

3.26 

0.0295 

Haary  Load 

72 

1 

9.680 

2.53 

0.0*13 

73 

Dual-Tandea 

2.115 

2.00 

0.0507 

MWHOL 

1 

C-5* 
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1.25 

0.0579 

2 
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*,230 

1.69 

0.0502 

2 

Du&l-Tudaa 

95 

1.2* 

0.0537 

3 

Du&I-T»o<l«i 
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l.*3 

0.0*5* 

3 

C-5A 

1,*00 

1.T8 

0.0*33 

A 

C-5* 
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1.05 

0.0683 

KU8 

1 

C-5* 

5* 

1.39 

0.0589 

2 

1 

3** 

l.*0 

0.0530 

3 

♦ 

22 

l.kO 

0.0579 

A 

c-5* 

6,336 

1.76 

0.0530 

A 

Du*1-T*b4mi 
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l.*3 

0.0591 

88P8  - 

3 

Duftl-Taadatt 

3.215 

2.00 

0.0*78 
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1 
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1.62 

0.058 

A 

♦ 
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2.00 

0.0*78 

A 
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TO 

1.61 
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lota:  Th®  plut  ®ifn  (♦)  Indicate®  that  traffic  stopped  prior  to  item  failure. 
9 Data  points  not  used  la  analysis. 
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indicate  that  the  pavements  did  not  fail  at  the  stated  traffic  level. 

Of  the  10  data  points  that  had  not  failed,  six  were  considered  invalid 
since  these  six  points  had  not  approached  failure.  These  six  points 
are  shown  in  Table  3 with  an  asterisk  preceding  the  coverage  level. 

Several  curve  fitting  techniques  were  tried  on  the  remaining 
5U  data  points.  The  one  finally  selected  was  a linear  relationship 
fitted  to  the  data  by  means  of  least  squares  with  the  design  factor 
as  the  dependent  variable  and  the  logarithm*  of  the  coverages  as  the 
independent  variable.  The  resulting  relationship  in  Figure  23  is 
described  by  the  equation 

DF'  = 0.58901  + 0.35^86  log(Cov)  (7) 

where  log(Cov)  equals  the  logarithm  of  the  traffic  in  terms  of  coverages. 
The  standard  error  from  the  regression  in  terms  of  the  design  factor  is 
0.23225.  The  band  width  of  two  standard  deviations  about  the  regression 
line  is  shown  as  the  shaded  area  in  Figure  23.  The  correlation  coeffi- 
cient from  the  regression  analysis  was  0.81638. 

Several  factors  considered  in  the  selection  of  the  particular 
relationship  in  Figure  23  should  be  briefly  noted.  The  selection  of 
the  design  factor  as  the  dependent  variable  was  made  for  the  purpose 
of  producing  a relationship  that  would  minimize  (based  on  least  squares 
criteria)  the  variability  in  the  required  thickness,  stiffness,  and 
strength  of  pavement  to  carry  a certain  load.  The  alternative  would 
have  been  to  select  coverages  as  the  dependent  variable  and  design 
factor  as  the  independent  variable.  This  solution  would  then  minimize 
the  variability  with  respect  to  coverages.  The  choice  between  the  two 
relationships  is  subjective  in  nature,  and  only  through  examination  of 
both  relationships  was  the  choice  made  to  use  the  relationship  having 
the  design  factor  as  the  dependent  variable  for  the  design  criteria. 

* Unless  otherwise  denoted,  all  logarithms  will  be  to  the  base  ten. 


A single  relationship,  rather  than  multiple  relationships  for 
several  ranges  of  conditions,  vas  selected  because  of  Insufficient  data 
for  a range  of  groupings  and  from  visual  inspection  of  the  plot,  which 
showed  no  well-defined  groupings  of  data  points.  Groupings  according 
to  load  and  foundation  stiffness  were  tried.  A linear  regression  was 
selected  because  its  simplicity  was  commensurate  with  the  nature  of 
the  data  in  the  sense  that  each  data  point  is  reflective  of  numerous 
factors  of  a complex  problem.  In  addition,  the  absence  of  visual 
trends  in  the  data  did  not  suggest  the  applicability  of  a more  complex 
relationship. 

The  absence  of  data  points  for  traffic  volumes  greater  than 
10,000  coverages  should  be  noted.  Only  one  point  is  shown  for  coverage 
levels  greater  than  10,000,  and  this  pavement  did  not  reach  failure  at 
the  indicated  traffic  level.  Use  of  the  relationship  to  design  for 
traffic  volumes  greater  than  10,000  coverages  (which  will  frequently 
be  the  case  for  current  traffic  volumes)  will  require  extrapolation  of 
the  linear  relationship.  There  is  nothing  to  suggest  that  this  should 
not  be  the  case. 

VERTICAL  DEFLECTION  CRITERIA 

The  vertical  deflection  criteria  are  presented  as  relationships 
between  vertical  slab  deflection  and  traffic  in  terms  of  coverages.  The 
vertical  slab  deflection  data  in  Table  3 were  computed  with  the  elastic 
layered  theory  using  the  BISAR  program.  For  each  aircraft  gear,  the 
deflection  was  computed  under  each  tire  and  under  the  centroid  of  the 
gear.  The  maximum  deflection  at  these  points  is  shown  in  Table  3. 

Several  types  of  curve-fitting  techniques  were  tried  to  determine 
the  best  fit  curve  through  the  5^*  data  points  in  Table  3 that  were  used 
to  develop  the  design  factor  criteria.  The  one  finally  selected  was  a 
power  curve  fit  to  the  data  by  means  of  least  squares  with  the  vertical 
deflection  as  the  dependent  variable  and  the  number  of  the  coverages  as 
the  independent  variable.  The  resulting  relationship  in  Figure  2h  is 
described  by  the  equation 
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5 = 0. 10876 (Cov)"0, 1228  (8) 

where  6 represents  the  computed  vertical  elastic  slab  deflection. 

The  standard  error  for  Equation  8 is  0.01958  in.  A band,  two  standard 
errors  wide,  is  shown  in  Figure  2b.  The  correlation  coefficient  of 
-0.58282  from  the  regression  analysis  signifies  that  deflection  is  a 
poor  indicator  of  pavement  performance. 

To  improve  the  relationship  between  computed  deflection  and  pave- 
ment performance,  an  attempt  was  made  to  identify  particular  test  sec- 
tions that  may  have  failed  due  to  excessive  deflection.  In  the  plot  of 
the  test  data  (Figure  23),  2b  test  sections  failed  at  coverage  levels 
less  than  the  coverage  level  predicted  by  Equation  J.  If  the  assumption 
is  made  that  the  premature  failure  of  these  2b  sections  may  have  been 
due  to  excessive  deflection,  a reason  exists  for  examining  these  test 
sections  alone.  It  still  must  be  realized  that  in  most  of  the  test 
sections  the  overprediction  of  Equation  7 will  be  caused  by  inherent 
variability  of  the  test  data.  Therefore,  an  analysis  of  the  2b  points 
was  conducted  to  see  where  these  points  were  with  respect  to  the  best 
fit  deflection  curve  (Figure  2b).  The  failure  coverage  for  16  data 
points  is  less  than  the  coverage  predicted  from  the  deflection-coverage 
relationship  in  Figure  2b.  Thus,  no  conclusions  can  be  drawn  ft*om  the 
failure  of  these  16  sections,  but  the  remaining  8 test  sections  did 
indicate  excessive  deflection.  From  this  analysis,  it  was  postulated 
that  the  eight  test  sections  failed  due  to  excessive  deflection  and  that 
deflection  criteria  could  be  obtained  from  these  data. 

A regression  analysis  was  run  on  these  eight  points,  and  the 
curve  selected  as  the  best  fit  (Figure  25)  is  described  by  the  equation 

6 = 0.098738  (log  Cov )~0, 57910  (9) 

This  curve  was  selected  as  the  limiting  deflection  criterion.  Equation  9 
has  a standard  error  of  0.00356  and  a correlation  coefficient  of  -0.98720. 

As  an  additional  analysis,  the  deflection  data  were  divided  into 
two  groups:  (a)  35  points  in  the  group  for  single-  and  dual -wheel  gears 
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(Figure  26);  and  (b)  19  points  in  the  group  for  dual-tandem  and  C-5A 
gears  (Figure  27).  The  best  fit  curve  for  each  group  is  also  shown 
in  the  respective  figure.  The  best  fit  equation  for  single-  and  dual- 
wheel  gears  is  given  by 


6 * 0.12657(Cov)“0,l63ll+ 


(10) 


where 

SE  = 0.02085 
r = -0.67485 

The  best  fit  equation  for  multiple-wheel  gears  is  expressed  as 

6 = 0.077005(Cov)-0,01*9191  (11) 


where 

SE  = 0.01355 
r = -0.41200 

The  difference  in  the  two  curves  in  Figures  26  and  27  indicates 
that  the  vertical  slab  deflection  varies  more  with  the  type  of  aircraft 
gear  than  with  the  performance  of  the  pavement.  Two  different  aircraft 
gears  could  produce  about  the  same  stress  on  a single  pavement,  but  the 
deflection  caused  by  the  aircraft  gears  could  vary  greatly.  As  an 
illustration,  consider  the  case  of  a Boeing  747  aircraft  with  a maxi- 
mum ramp  weight  of  713  kips  and  a Boeing  727  aircraft  with  a maximum 
ramp  weight  of  173  kips.  Both  of  these  aircraft  produce  wheel  loads  of 
about  42  kips.  Computations  for  an  l8-in. -thick  PCC  slab  (E  = 4 x 10^ 
psi,  v = 0.2)  on  a 12-in. -thick  base  (E  = 30,000  psi,  v = 0.3)  over  a 
subgrade  with  E = 10,000  psi  and  v = 0.4  yield  maximum  tensile 
stresses  in  the  slab  and  maximum  vertical  slab  deflections  of  294  psi 
and  0.0435  in.  for  the  Boeing  747  and  262  psi  and  0.0238  in.  for  the 
Boeing  727.  As  noted,  the  stresses  are  almost  the  same,  but  the  deflec- 
tion produced  by  the  Boeing  747  is  almost  twice  that  produced  by  the 
Boeing  727.  The  use  of  a single  relationship  for  deflection  criteria 
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would  be  either  too  severe  for  the  Boeing  7^7  or  unconservative  for  the 
Boeing  727. 

Additional  data  will  be  presented  in  a following  section,  which 
will  strongly  indicate  that  the  deflection  is  also  dependent  on  the 
subgrade  strength.  The  test  data  were  insufficient  to  define  the  rela- 
tionship between  the  deflections  and  the  subgrade  strength;  therefore, 
at  this  point , the  deflection  criteria  are  not  considered  to  be  a good 
design  parameter. 

It  should  be  noted  that  the  deflection  criteria  are  independent 
(at  least  directly)  of  the  PCC  strength.  Because  the  modulus  of  rupture 
is  related  to  the  modulus  of  elasticity,  and  the  modulus  of  elasticity 
is  used  in  computing  the  deflections,  the  strength  criteria  are  in- 
directly related  to  the  PCC  strength  but  in  a very  complicated  manner. 

An  attempt  was  made  to  utilize  the  PCC  strength  in  a more  direct  manner. 
The  attempt  involved  developing  from  the  test  section  data  a relation- 
ship between  computed  deflection  and  the  design  factor  (Figure  28).  The 
relationship  is  best  described  by  the  equation 

6 = 0.082791+DF_1,2209  (12) 

As  with  the  previously  developed  deflection  criteria,  the  useful- 
ness of  the  criteria  for  design  is  considered  limited.  These  criteria 
may  also  be  used  by  selecting  a limiting  computed  deflection,  but  for 
these  criteria  the  limiting  deflection  is  based  on  the  design  factor, 
which  contains  the  PCC  strength.  The  relationship  may  find  greater  use 
in  pavement  evaluation  since  it  does  provide  a means  of  relating  deflec- 
tion to  design  factor  criteria,  which  are  the  principal  criteria  for 
rigid  pavement  design.  Again,  a warning  must  be  issued  that  the  cri- 
teria are  somewhat  dependent  on  gear  configuration  and  care  must  be 
exercised  in  the  use  of  the  criteria. 

CRITERIA  FOR  OVERLAY  AND 
REINFORCED  SLAB  DESIGN 

The  criteria  developed  thus  far  have  been  for  nonreinforced  PCC 
slabs  placed  on  bound  or  granular  base  courses  or  directly  on  the 
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Figure  28.  Relationship  of  computed  deflection  versus  design  factor 
as  developed  from  test  section  data 
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subgrade.  Criteria  for  unreinforced  rigid  overlays  and  reinforced 
pavements  and  overlays  will  be  considered  in  this  section. 

The  criteria  recommended  for  rigid  overlay  design  and  for  rein- 
forced pavement  and  overlay  design  are  the  same  as  are  currently  employed 

1-3 

for  military  and  civil  facilities.  The  criteria  were  developed  from 
data  from  full-scale  accelerated  test  pavements.  Just  as  the  criteria 
previously  described.  Many  of  the  test  tracks  listed  in  Appendix  A 
contained  overlays  and  reinforced  pavements  as  well  as  the  unreinforced 
pavements  described.  No  reanalysis  was  performed  on  data  from  the  over- 
lays and  reinforced  pavements  because  it  was  apparent  that  no  signifi- 
cant improvements  could  be  made. 

As  the  criteria  were  developed  and  applied,  it  was  noted  that 
they  would  be  applicable  for  the  proposed  system.  The  reason  i'or  this 
is  that  the  basic  parameter  used  in  the  development  of  both  aria 
is  the  thickness  of  unreinforced  pavement.  The  overlay  crite  ?re 
developed  and  then  applied  in  terms  of  the  thickness  of  over]  r sued 

to  provide  the  same  performance  of  an  equivalent  reinforced  pavement 
33  53 

thickness.  ’ The  criteria  for  reinforced  pavement  and  overlay  design 

were  developed  and  then  applied  in  terms  of  the  steel  increasing  the 

effective  slab  thickness  as  a percentage  of  the  required  unreinforced 

33  3^  53  5l+ 

pavement  thickness.  ’ ’ * Provided  the  proposed  criteria  result 

in  adequate  thicknesses  of  unreinforced  pavement , the  use  of  these 
thicknesses  with  existing  procedures  should  result  in  adequate  unrein- 
forced overlay,  reinforced  pavement,  and  reinforced  overlay  thicknesses. 

OVERLAY  CRITERIA 

Three  equations  are  provided  for  determining  the  thickness  of 
rigid  overlays  of  rigid  pavements.  Equations  are  provided  for  the  three 
conditions  of  bond  achieved  between  the  overlay  and  the  base  pavement. 
When  a deliberate  and  concentrated  effort  is  made  to  achieve  bond,  over- 
lay thickness  is  given  by 

h = h - h (13) 

o a 
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where 


hQ  * thickness  of  overlay 

h,  = thickness  of  PCC  slab  placed  directly  on  foundation 
d 

h = thickness  of  existing  PCC  slabs 

This  equation  is  based  on  the  assumption  that  the  bond  is  sufficient  for 
two  slabs  to  act  as  one,  thus  the  direct  one-for-one  relationship  in 
thickness.  Certainly,  the  equation  should  be  applicable  no  matter  what 
the  basis  for  determining  the  thickness  of  the  slabs  directly  on  the 
foundation.  Therefore,  it  is  deemed  adequate  for  use  with  the  proposed 
criteria. 

Bonded  overlays  are  recommended  when  the  existing  pavement  is 
in  sound  structural  condition,  i.e.,  no  cracking.  This  permits  the 
direct  substitution  of  thickness.  The  required  equivalent  thicknesses 
of  PCC  slabs  directly  on  the  foundation  are  selected  based  on  the 
flexural  strength  of  the  overlay.  The  use  of  Equation  13  is  predicated 
on  the  assumption  that  the  flexural  strength  of  the  overlay  is  approxi- 
mately equal  to  the  flexural  strength  of  the  base  pavement.  Should  the 
flexural  strength  of  the  overlay  be  100  psi  or  more  greater  than  the 
flexural  strength  of  the  base  pavement , the  flexural  strength  of  the 
base  pavement  should  be  used  to  compute  the  equivalent  slab  on  founda- 
tion thickness. 

When  no  deliberate  effort  is  made  to  achieve  bond  and  a condition 
of  partial  bond  exists  between  the  overlay  and  the  existing  pavement, 
overlay  thickness  is  given  by 


where  C equals  a coefficient  that  depends  on  the  structural  condition 
of  the  existing  pavement.  When  a deliberate  effort  is  made  to  ensure 
that  there  is  no  bond  between  the  overlay  and  the  existing  pavement, 
overlay  thickness  is  given  by 


h 

o 


(15) 
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As  based  on  a visual  Inspection  of  the  existing  pavements,  the  numerical 
value  of  C is  established  as  follows: 


C = 1.00  when  the  slabs  are  in  good  condition,  with  little  or 
no  structural  cracking. 

C = 0.75  when  the  slabs  show  initial  cracking  caused  by  loading, 
but  little  or  no  multiple  cracking. 

C = 0.50  when  a large  number  of  slabs  show  multiple  cracking,  but 
the  majority  of  slabs  are  intact  or  contain  only  single 
cracks . 

C = 0.35  when  the  majority  of  slabs  show  multiple  cracking. 

Equations  lit  and  15  were  developed  empirically  from  the  results 
of  full-scale  test  tracks  and  adjusted  where  necessary  based  on  actual 
performance  data.  The  performance  of  various  overlay  items  was  compared 
with  varying  thicknesses  of  slabs  on  similar  foundations  under  the  same 
load  and  traffic.  The  overlay  thickness  is  related  to  an  equivalent 
thickness  of  slab  on  foundations.  Therefore,  if  it  is  assumed  that  the 
equations  establish  a valid  relationship  between  overlay  and  equivalent 
slab  on  foundation  thickness,  then  appropriate  overlay  thicknesses  can 
be  determined  provided  the  criteria  for  selecting  the  equivalent  slab 
on  foundation  is  adequate.  Because  of  their  wide  usage,  it  was  assumed 
that  the  equations  provide  adequate  overlay  design;  thus,  they  are 
recommended  for  use  with  the  proposed  criteria  for  overlay  design. 

Although  the  presently  used  overlay  design  equations  are  recom- 
mended, a design  procedure  with  elastic  layered  theory  as  the  basic 
response  model  provides  the  framework  within  which  the  overlay  design 
may  be  directly  incorporated.  This  will,  however,  require  development 
of  capabilities  in  several  areas,  such  as  the  ability  to  quantitatively 
define  the  load-deformation  characteristics  of  cracked  pavements  (which 
will  be  reflective  of  support  provided  and  the  resulting  performance  of 
the  overlay),  and  the  ability  to  quantitatively  define  the  degree  of 
bond  developed  between  the  overlay  and  the  existing  pavement. 

A system,  such  as  that  currently  existing,  might  be  employed  for 
characterizing  cracked  pavements,  i.e.,  when  C = 1.00,  the  modulus  of 
elasticity  of  the  PCC  layer  is  as  measured  for  the  intact  material;  when 
C = 0.5,  the  modulus  of  the  PCC  layer  might  be  Oi  times  the  measured 
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modulus  of  the  intact  material,  etc.  Further,  the  same  type  system 
might  be  used  to  describe  the  degree  of  bond  achieved  between  the  over- 
lay and  the  base  pavement.  The  effect  of  such  a system  would  be  the  same 
as  the  different  exponents  in  Equations  1^  and  15.  The  BISAR  code,  as 
recommended  for  use  with  the  criteria  developed  herein,  does  have  the 
capability  of  considering  variable  bond  between  layers , but  the  problem 
is  in  defining  the  degree  of  bond. 

The  bonded  case  could  be  handled  with  the  proposed  system, 
provided  it  is  only  applied  when  the  existing  pavement  is  structurally 
sound.  However,  the  only  improvement  over  Equation  13  that  could  be 
effected  would  be  to  consider  differences  in  the  moduli  of  the  PCC  in 
the  overlay  and  the  existing  pavement.  The  effect  of  different  PCC 
moduli  are  not  considered  significant.  When  the  moduli  are  the  same. 
Equation  13  should  give  the  same  results  as  direct  application  of  the 
design  procedure  since  the  assumption  of  full  continuity  between  the 
two  PCC  layers,  which  is  made  in  the  equation  and  can  be  made  in  the 
response  model  (BISAR  code). 

The  currently  used  procedure  for  design  of  rigid  overlays  of 
flexible  pavements  is  to  design  the  overlay  thickness  as  a slab  on 
foundation  where  the  load  deformation  characteristics  of  the  existing 
flexible  pavement  sire  defined  by  a modulus  of  soil  reaction  measured 
with  a plate  bearing  test.  It  is  recommended  that  the  same  procedure 
be  employed  with  the  proposed  procedure , i . e . , the  overlay  designed  as 
a slab  on  foundation.  Material  characterization  procedures  discussed 
previously  with  test  procedures  outlined  in  Appendixes  C-E  should  be 
followed. 

When  the  asphalt  concrete  (or  other  type  bituminous  material) 
surface  layers  of  the  existing  flexible  pavement  are  badly  fractured  and, 
in  the  estimation  of  the  designer,  will  not  behave  as  a bound  material, 
the  designer  may  characterize  with  either  of  the  following: 

£i.  The  material  may  be  assigned  the  same  properties  as  granular 
base  or  subbase  material  in  the  pavement. 

b.  The  material  may  be  assumed  to  be  granular,  and  a modulus  may 
be  estimated  using  the  procedure  described  by  Barker  and 
Brabston  in  Appendix  G.^0 
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If  the  bituminous  surface  course  is  less  than  3 in.  thick,  it  may  be 
assigned  the  same  modulus  as  the  base  or  subbase  course  regardless  of 
its  structural  condition. 

Occasionally,  the  use  of  a plate  bearing  test  to  characterize  the 
load  deformation  characteristics  of  flexible  pavements  provides  ques- 
tionable results.  The  characterization  of  the  materials  composing  a 
flexible  pavement  with  the  prescribed  procedures  and  the  use  of  these 
properties  in  an  elastic  layered  model  should  improve  the  design  of 
rigid  overlays  of  flexible  pavements. 

CRITERIA  FOR  REINFORCED 
PAVEMENTS  AND  OVERLAYS 

The  basic  criterion  for  the  design  of  reinforced  pavements  and 
overlays  is  shown  in  Figure  29*  This  relationship  was  developed 
empirically  fran  data  from  full-scale  accelerated  traffic  tests.  The 

4 0-1*2  1*3  1*1+ 

test  tracks  designated  Lockbourne  No.  1,  Lockbourne  No.  2,  * 

3l*  1+7 

and  Sharonville  Channelized  Traffic  * contained  reinforced  test 
sections  of  varying  thicknesses  and  percentages  of  reinforcement. 


Figure  29.  Effect  of  steel  reinforcement  on  rigid  pavements'-* 


70 


The  relationship  in  Figure  29  was  developed  by  comparing  the 
performance  of  plain  and  reinforced  pavements  and  relating  the  improve- 
ments in  performance  to  the  amount  of  steel.  The  basis  for  the  compari- 
son was  the  thickness  of  unreinforced  pavement.  Therefore,  assuming 
that  the  proposed  procedure  will  result  in  adequate  thicknesses  of 
unreinforced  pavement,  application  of  the  criteria  illustrated  in 
Figure  29  should  result  in  adequate  thicknesses  of  reinforced  pave- 
ments and  overlays.  Limitations  on  application  of  the  criteria,  as 
presently  employed,  should  continue  to  be  used. 
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ASSEMBLY  OF  PROCEDURE  FOR  DESIGN 

GENERAL 

Herein,  procedures  for  application  of  the  response  model,  material 
characterization  tests,  and  performance  criteria  to  the  design  of  rigid 
airport  pavements  will  be  set  forth.  Much  of  the  information  provided 
will  be  general  in  nature  since  the  problems  faced  by  the  engineer  will 
vary  widely  for  each  design  situation.  Although  a general  procedure 
is  provided  by  which  rigid  pavements  can  be  designed,  the  emphasis  has 
been  placed  on  presenting  the  development  and  background  in  lieu  of 
presenting  a cookbook-type  design  procedure. 

MATERIAL  SAMPLING 

Only  general  guidance  can  be  provided  for  material  sampling.  The 
amount  accomplished  should  depend  on  how  much  the  designer  feels  he 
needs  to  adequately  define  the  properties  of  the  materials  so  that  the 
resulting  pavement  will  have  the  desired  reliability.  The  variability 
of  the  subgrade,  borrow  and  aggregate  sources,  number  of  material 
sources  considered,  the  type  of  facility  being  designed,  etc.,  should 
determine  the  extent  of  the  material  s ampling  program. 

SUBGRADE  AND  BORROW 

Guidance  for  soils  investigations  for  currently  used  procedures 
are  contained  in  References  1-3  and  2h.  Provisions  for  exploratory 
surveys  and  preliminary  investigations,  as  contained  in  these  ref- 
erences, are  applicable  to  the  procedures  outlined  herein.  The  depth 
and  spacing  of  borings  contained  in  these  references  for  cut , fill , and 
borrow  areas  are  applicable.  Samples  should  be  obtained  from  the 
borings  or  from  pits  for  classification  and  development  of  compaction 
data. 

The  extent  of  undisturbed  sampling  will  depend  on  the  results  from 
the  preliminary  soil  survey.  At  least  four  samples  of  each  distinct  type 
of  subgrade  soil  should  be  obtained  for  resilient  modulus  testing.  Bag 
samples  of  each  distinct  type  of  borrow  material  proposed  for  use  as 
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fill  should  be  taken  to  provide  for  preparation  of  four  samples  of  each 
distinct  type  material  for  resilient  modulus  testing. 

BASE  (SUBBASE)  MATERIAL 

Samples  from  all  sources  of  aggregate  that  are  to  be  considered 
in  the  design  process  should  be  obtained  in  quantities  sufficient  to 
perform  classification  tests,  durability  tests,  and  at  least  four  speci- 
mens for  resilient  modulus  testing.  If  a binder  is  to  be  used  to  produce 
bound  base  material,  the  samples  from  available  sources  should  be  ob- 
tained and  used  in  the  preparation  of  specimens  for  resilient  modulus 
testing.  Procedures  as  currently  employed  to  ensure  that  binders 
(cement,  lime,  fly  ash,  or  bituminous  materials)  meet  required  specifi- 
cations should  be  employed. 

PORTLAND  CEMENT  CONCRETE 

Samples  from  available  sources  of  aggregate,  portland  cement,  and 
additives  should  be  obtained  and  tested  to  ensure  compliance  \ ith  mate- 
rial specifications.  In  addition,  samples  of  aggregate  from  available 
sources  and  representative  samples  of  portland  cement  and  additives 
should  be  obtained  for  mixture  proportioning  studies  to  determine  ranges 
of  flexural  strength  and  modulus. 

EXISTING  PAVEMENTS 

TO  BE  OVERLAID 

The  basic  requirements  for  a preliminary  survey  of  pavements  to 
be  overlaid  is  the  same  as  for  a new  pavement,  i.e.,  to  define  the  mate- 
rials within  the  pavement.  If  as-built  plans  and  specifications  are 
available,  the  preliminary  investigation  may  be  omitted.  However,  if 
this  information  is  not  available  a series  of  borings  will  be  necessary 
to  determine  the  layered  system  comprising  the  existing  pavement. 
Undisturbed  samples,  where  possible,  or  disturbed  samples  for  cohesion- 
less materials  should  be  obtained  for  all  materials  in  quantities  suffi- 
cient to  provide  four  specimens  of  each  distinct  material  type  for 
resilient  modulus  testing. 


For  rigid  pavements,  samples  should  be  obtained  for  the  subgrade 
and  base  course  layers.  Condition  coefficients  should  be  established, 
els  outlined  in  References  1-3,  to  define  the  structured,  condition  of  the 
PCC  surfacing.  Beams  of  the  existing  PCC  should  be  obtained  for  flexural 
testing,  or  if  this  is  not  possible,  cores  should  be  obtedned  for  split 
tensile  testing.  Procedures  for  obtaining  and  testing  drilled  cores  and 
saved  beams  are  outlined  in  ASTM  Standard  Method  C 1+2-68'’'’  (CRD-C 
2T-6956). 

For  flexible  pavements,  samples  should  be  obtained  for  the  sub- 
grade, subbEtse  course,  and  base  course  layers.  For  bituminous  surfac- 
ings,  layers  3 in.  thick  or  less  need  not  be  sampled,  Euid  the  layer  may 
be  included  with  the  bEise  layer  when  assigning  material  properties. 

Likewise,  vhen  the  bituminous  surface  layers  axe  cracked  to  the  point 
where  they  would  not  function  as  a continuous  layer  of  bound  material , 
then  the  same  materiELl  properties  may  be  assigned  els  for  the  base  layer. 

No  specific  guidance  can  be  provided  to  determine  the  amount  of  cracking 
that  will  destroy  the  integrity  of  the  bituminous  surfacing.  It  will  be 
a matter  of  the  opinion  of  the  designer. 

MATERIAL  CHARACTERIZATION 

The  stEindard  tests  for  cl£Lssifying  materials,  establishing  com- 
paction requirements,  and  determining  if  material  specifications  are 

1-3  2l+ 

met  will  be  the  same  as  those  presently  employed.  * Procedures, 
different  from  those  currently  used,  will  be  needed  to  characterize  the 
load  deformation  properties  of  each  material.  These  properties  will  be 
determined  from  laboratory  tests  rather  than  from  field  tests. 

Variations  will  be  obtsdned  in  materiELl  properties.  For  design, 
it  is  recommended  that  the  average  value  of  modulus  of  elasticity  be 
used.  The  80  percentile  VELlue  is  recommended  for  use  when  determining 
the  design  value  of  flexural  strength.  Selection  of  Poisson's  ratio 
will  not  be  so  precise.  All  avEiilable  data  should  be  studied,  including 
recommended  typical  values,  and  a representative  value  selected. 

Procedures  are  avELilable  for  estimating  modulus  values  els  well  els 
values  of  Poisson's  ratio.  The  reliability  desired  in  the  resulting 
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design  should  be  considered  before  relying  on  a procedure  that  will 
result  only  in  an  approximation  of  the  material  properties.  Thickness 
design  is  not  overly  sensitive  to  Poisson’s  ratio  and  approximations 
are  acceptable,  although  it  is  recommended  that  tests  be  conducted  and 
used  in  conjunction  with  typical  values  for  selecting  a representative 
value. 

SUBGRADE 

Test  procedures  for  subgrade  soils  are  outlined  in  Appendix  E. 
Cohesionless  soils  will  be  insensitive  to  moisture  content , but  very 
sensitive  to  density.  Samples  should  be  prepared  as  close  as  possible 
to  field  densities.  Moduli  values  should  be  computed  at  first  stress 
invariants  of  10  psi , and  average  values  computed.  Computations  of 
Poisson's  ratio  should  be  made  and  compared  with  typical  values  for 
selecting  representative  values  for  design. 

Cohesive  soils  are  sensitive  to  moisture  content  and  density  and 
should  be  tested  at  the  most  critical  conditions.  Normally,  this  will 
be  in  a condition  of  complete  saturation.  However,  for  arid  locations 
where  experience  indicates  that  saturated  conditions  are  never  attained, 
moisture  contents  less  than  saturation  may  be  used.  Undisturbed  samples 
should  be  used  where  applicable  and  where  possible.  For  fill  material, 
specimens  should  be  compacted  to  simulate  field  conditions  (density  and 
moisture)  as  close  as  possible  and  saturated  from  the  as-compacted 
condition.  Moduli  values  should  be  computed  at  a deviator  stress  of 
5 psi , and  the  design  value  selected  as  the  average  value  from  test 
results . 

When  the  potential  for  frost  action  exists  and  the  pavement  is 
to  be  designed  based  on  zero  or  partial  frost  protection,  the  subgrade 
should  be  tested  according  to  procedures  outlined  in  Appendix  B of 
Reference  10.  Moduli  values  should  be  selected  at  a deviator  stress 
of  5 psi,  and  the  average  value  selected  for  design.  When  the  subgra'e 
is  to  be  protected  against  frost  penetration  (even  though  climatic  and 
soil  conditions  are  conducive  to  frost  action),  procedures  outlined  in 
Appendix  E should  be  used. 
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Computations  of  Poisson's  ratio  should  he  made  and  compared  with 
the  typical  values  to  select  a representative  design  value. 

Procedures  for  characterization  of  subgrades  beneath  existing 
pavements  for  overlay  design  are  basically  the  same  as  those  described 
above,  exceptions  being  that  the  materials  should  be  tested  at  their 
in  situ  moisture  and  density  conditions.  Exceptions  to  this  would  be 
conditions  where  frost  penetration  may  produce  higher  water  contents 
during  thaw  periods  or  special  conditions  (sample  taken  near  edge  of 
paved  area  or  in  areas  where  the  surface  was  not  sealed)  where  the 
moisture  conditions  are  not  those  normally  prevailing  in  the  subgrade. 

BASE  (SUBBASE)  MATERIAL 

Separate  procedures  are  provided  for  granular  and  bound  base 
materials.  Granular  materials  should  be  tested  in  compression  according 

to  procedures  outlined  in  Appendix  D.  The  response  of  granular  bases, 

> 

while  insensitive  to  moisture,  is  dependent  on  the  density  of  the  mate- 
rial. Therefore,  specimens  should  be  prepared  as  close  as  possible  to 
field  densities.  Moduli  values  should  be  selected  at  first  stress 
invariants  of  10  psi,  and  average  values  selected  for  design.  Computa- 
tions of  Poisson's  ratio  should  be  made  and  compared  with  typical 
values  for  selecting  a representative  design  value. 

Bound  base  materials  should  be  tested  in  flexure  according  to 
procedures  outlined  in  Appendix  C.  Separate  procedures  are  provided 

* t 

for  chemically  stabilized  and  bituminous  stabilized  bases.  Chemically 

| 

stabilized  materials  are  sensitive  to  curing  time  and  conditions  and 
should  be  moist-cured  for  28  days  prior  to  testing.  Bituminous  sta- 
bilized materials  are  sensitive  to  temperature,  and  the  design  modulus  . 
should  be  selected  for  average  temperature  conditions  in  the  base.  The 
•▼•race  temperature  may  be  selected  from  available  temperature  predic- 
tion models.  The  values  selected  for  design  should  be  the  average  of 
i values  obtained.  Poisson's  ratio  should  be  selected  from  the  fol- 
wrl  ng  racoamended  values:  ♦ - f 
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Material 

Bituminous  Stabilized 


Poisson’s  Ratio 


0.5  for  E < 500,000  psi 
0.3  for  E > 500,000  psi 

Chemically  Stabilized  0.2 

PORTLAND  CEMENT  CONCRETE 

Mixture  proportioning  studies  should  be  conducted  to  establish 
a practical  range  of  flexural  strength  that  may  be  obtained  with  avail- 
able materials.  Flexural  str2ngth  tests  are  conducted  according  to 
ASTM  Standard  Method  of  Test  C 78-75 5T  (CRD-C  1 6-6656).  During  the 
conduct  of  flexural  tests,  deflections  should  be  measured,  and  moduli 
of  elasticity  computed  according  to  procedures  outlined  in  the  Corps 
of  Engineers  procedure  CRD-C  21-58.^ 

The  design  strengths  specified  should  depend  on  the  method  used 
in  the  specifications.  If  mixture  proportions  are  contained  in  the  Job 
specifications,  the  design  strength  should  be  the  strength  obtainable 
80  percent  of  the  time  with  the  specified  mixture  proportions.  If 
flexural  strength  is  specified  in  Job  specifications,  the  design 
strength  should  be  the  strength  reasonably  obtainable  80  percent  of 
the  time  with  locally  available  materials  that  meet  other  material 
requirements.  The  80  percentile  strength  should  then  be  used  for  con- 
struction quality  control. 

Normally  the  modulus  of  elasticity  of  PCC  will  not  vary  over  a 
very  wide  range  for  aggregates  from  a particular  locality.  For  the 
mixtures  meeting  strength  requirements , a representative  value  of 
modulus  of  elasticity  should  be  selected.  Should  a range  of  over 
1,000,000  psi  exist  between  the  moduli  for  proposed  mixtures,  limiting 
moduli  from  the  ends  of  the  range  should  be  used  in  the  design  proce- 
dure. Should  this  result  in  differences  in  the  required  thickness,  each 
thickness  design  would  then  have  to  be  tied  to  particular  mixtures. 
However,  situations  that  require  different  thicknesses  based  on  the 
modulus  of  elasticity  of  the  concrete  will,  in  all  likelihood,  be  rare. 

Strength  of  PCC  in  existing  pavements  may  be  obtained  by  testing 
beams  sawed  from  the  pavement  according  to  ASTM  Standard  Method  of  Test 
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C 78-75^  (CRD-C  16-66^)  or  from  tensile  strength  obtained  from  split 

cQ 

tensile  tests  according  to  ASTM  Standard  Method  of  Test  C U96-71? 

(CRD-C  77-22"^)  on  cores  from  the  pavement.  The  split  tensile  strength 

should  be  converted  to  flexural  strength  with  a correlation  recommended 
59 

by  Hammitt  or  other  correlations  as  available. 

LAYERED  SYSTEM  DESIGN 

Once  the  properties  of  available  materials  have  been  determined 
the  optimum  (economic  and  structural  considerations)  layered  system  may 
be  selected  by  a trial-and-error  process.  PCC  slab  thickness  and  base 
course  type  and  thickness  will  be  the  primary  parameters  that  may  be 
varied.  The  results  will  be  an  array  of  acceptable  designs,  which  are 
structurally  acceptable  but  must  be  evaluated  economically  to  determine 
the  optimum  design. 

The  array  of  acceptable  layered  systems  will  be  bounded  by  prac- 
tical limitations.  The  minimum  thicknesses  of  bases  and  PCC  slabs  are 
based  on  structural  requirements,  construction  constraints,  thickness 
limitations  based  on  soil  and  environmental  conditions  (swelling  soils, 
frost  action,  etc.),  and  limitations  of  locally  available  materials. 
Awareness  and  adherence  to  these  practical  limitations  will  reduce  the 
effort  required  by  the  designer. 

The  procedures  for  selecting  layered  thicknesses , as  outlined 
herein,  will  be  based  solely  on  structural  considerations.  However, 
special  requirements,  as  currently  specified  in  References  1-3  and  2k, 
should  control  when  thicker  or  higher  quality  layers  are  indicated. 

LIMITING  STRESS  CRITERIA 

The  limiting  stress  criteria  (Figure  23)  are  used  to  select  a PCC 
slab  thickness  for  a given  set  of  foundation  conditions.  Base  course 
thickness  is  controlled  by  the  stress  criteria,  but  the  control  is 
indirect.  Base  course  thickness  will  normally  be  held  constant,  and 
the  thickness  of  the  PCC  slab  varied  until  an  acceptable  structure  is 
determined.  The  process  can  then  be  repeated  with  a different  base 
thickness.  The  entire  process  may  be  repeated  for  all  available  mate- 
rials. In  areas  where  frost  problems  exist,  the  base  course  thickness 


will  probably  be  controlled  by  requirements  for  protection  of  the  sub- 
grade against  frost  penetration. 

The  use  of  the  limiting  stress  criteria  can  best  be  demonstrated 
tjy  a set  of  example  problems.  Three  foundation  conditions  are  illus- 
trated in  the  examples.  One  case  will  be  with  the  PCC  slab  directly 
on  the  subgrade,  a second  is  with  the  PCC  slab  on  a 12-in.  base  course 
layer  with  properties  similar  to  a granular  material,  and  a third  case 
is  with  the  PCC  slab  on  an  8-in.  base  course  layer  with  properties 
similar  to  a bound  material.  Two  conditions  of  traffic  are  illustrated 
in  each  of  the  examples,  one  similar  to  that  which  might  be  encountered 
at  a civil  aviation  facility  and  a second  similar  to  that  which  might 
be  encountered  at  a military  installation. 

Four  procedures  for  handling  traffic  or  loads  are  illustrated. 
For  the  examples  for  civil  facilities,  the  procedures  recommended  in 
Reference  1 are  followed.  To  determine  a pavement  thickness,  all  traf- 
fic is  equated  to  equivalent  DC-8-61  traffic  with  the  relationship 

/„  \ 1/2 

log  Rl  = (log  R2)  J (16) 

where 

= equivalent  DC-8-61  departures 
R2  = adjusted  departures  of  aircraft  in  question 
= wheel  load  for  equivalent  DC-8-61 
W2  = wheel  load  for  aircraft  in  question 
A second  thickness  of  the  pavement  is  determined  only  for  the  wide-body 
Jet  aircraft  in  the  traffic  mixture.  When  Equation  l6  is  used,  wide- 
body  Jet  aircraft  are  substituted  for  equivalent  DC-8-61  traffic  on  a 
one-to-one  basis.  The  number  of  departures  for  aircraft  with  single- 
or  dual-tire  gears  should  be  adjusted  using  the  following  conversion 


factors : 

To  Convert 

To 

Multiply  Rg  by 

Single  wheel 

Dual  tandem 

0.50 

Dual  wheel 

Dual  tandem 

0.60 

1 

: 
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For  the  examples  for  military  installations,  the  pavements  are  designed 
for  each  aircraft,  and  the  required  thickness  is  selected  for  the  criti- 
cal aircraft.  For  "both  civil  and  military  designs,  the  cumulative  damage 
concept  is  applied  in  a rather  crude  fashion,  and  the  pavement  designed 
for  the  entire  mixture  of  traffic. 

For  the  four  methods  of  handling  traffic,  the  proposed  criteria 
will  he  an  approximation.  The  test  pavements  were  loaded  with  only  one 
type  load,  and  the  loads  were  applied  across  the  pavements  in  specific 
patterns.  In  many  of  the  earlier  tests,  the  loads  were  distributed  uni- 
formly across  the  pavements;  in  the  later  tests,  the  loads  were  applied 
in  a distribution  simulating  a normal  distribution.  Interwoven  into 
these  criteria  is  also  the  concept  of  "coverages."  The  concept  of  cov- 
erages as  applied  herein  is  discussed  in  Reference  36.  It  is  a difficult 
concept  to  comprehend,  and  impossible  to  extend  or  use  with  other  cri- 
teria, such  as  fatigue  data  developed  from  flexural  tests  of  concrete 
beams.  However,  conceptually  it  is  analogous  to  the  more  general  termi- 
nology of  stress  or  load  repetitions  even  though  the  two  are  not  inter- 
changeable. The  traffic  at  failure  (in  terms  of  coverages)  assigned 
each  of  the  test  pavements  was  for  one  type  load  and  is  implicitly  tied 
to  the  manner  in  which  the  traffic  was  applied. 

From  the  standpoint  of  applied  load,  the  procedure  of  equating 
all  traffic  to  equivalent  DC-8  traffic  and  the  use  of  this  one  load  with 
the  criteria  is  conceptually  correct  since  the  test  pavements  were 
loaded  with  only  one  type  load.  The  assumption  necessary  is  that  Equa- 
tion 16  realistically  accounts  for  the  differences  in  load  configuration 
and  distribution  of  load  on  the  pavement.  Certainly  the  equation  pro- 
vides only  an  approximation,  but  as  will  be  seen  in  the  examples,  it  is 
an  acceptable  approximation. 

The  procedure  of  designing  for  only  the  wide-body  Jet  aircraft 
and  comparing  this  design  with  the  design  for  the  equivalent  DC-8  design 
is  similar  to  the  procedure  employed  for  military  design,  i.e.,  the  most 
critical  design  (thickest  slab)  is  selected.  Conceptually  the  use  of 
this  procedure  with  the  proposed  criteria  is  correct  from  the  standpoint 
of  load  and  load  application.  However,  the  assumption  necessary  is  that 
the  pavement  life  or  thickness  required  is  not  affected  by  any  loading 
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except  the  critical  loading,  i.e.,  the  loading  requiring  the  thickest 
pavement.  This  assumption  may  not  be  totally  valid,  but  as  will  be  seen 
in  the  examples,  it  also  provides  an  acceptable  approximation. 

The  use  of  any  of  the  procedures  described  has  the  advantage  of 
simplifying  the  process  of  treating  a mixture  of  traffic.  This  simpli- 
fication appears  to  be  in  order  when  considering  the  impreciseness  of 
the  performance  relationship,  the  precision  of  material  characterization 
procedures,  and  the  accuracy  of  estimates  of  traffic  (both  numbers  and 
magnitude  of  loads). 

The  use  of  emulative  damage  concepts  to  account  for  the  effects 
of  mixed  traffic  is  a more  complex  procedure  than  those  previously 
described.  Conceptually  it  is  a more  satisfying  procedure  since 
theoretically  the  effects  of  each  load,  the  differences  in  the  distribu- 
tion of  each  load  across  the  pavement , and  their  cumulative  effects  on 
pavement  life  (or  thickness  required)  can  be  considered.  However, 
several  factors  should  be  noted  to  caution  the  user  when  using  this 
procedure . 

As  noted  previously,  the  data  for  development  of  the  limiting 
stress  criteria  (Figure  23)  were  from  pavements  where  only  one  load  was 
used,  and  this  load  was  distributed  across  the  pavement  in  a particular 
manner.  The  effects  of  different  loads  are  not  accounted  for  in  the 
criteria,  and  one  is  forced  to  make  the  assumption  that  each  load  has  a 
detrimental  effect  on  the  pavement  and  that  Miner’s  hypothesis,  in  some 
form,  can  be  used  to  accumulate  the  damage  from  each  aircraft.  The 
feeling  that  most  people  have  is  that  each  aircraft  operation  does  have 
some  detrimental  effect  on  the  pavement;  however,  no  definitive  data 
exist  to  show  this  (to  the  author's  knowledge).  Conversely,  there  is  a 
certain  amount  of  evidence  available  from  laboratory  tests  to  indicate 
that  the  fatigue  strength  or  life  of  concrete  is  not  adversely  affected 
by  loads  less  than  some  fraction  of  a failure  load  and  that  they  may 
even  have  a beneficial  effect.^0’^1  Certainly  a pavement  is  a more 
complex  system  than  a beam  or  cylinder,  and  in  addition  to  fatigue  of 
the  concrete,  such  things  as  foundation  support  are  affected  by  load 
repetitions.  However,  because  of  the  lack  of  definitive  data  to  prove 
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or  disprove  its  validity,  the  use  of  Miner's  hypothesis  must  be  con- 
sidered only  as  a rough  approximation. 

When  cumulative  damage  concepts  are  applied,  one  is  faced  with 
the  task  of  choosing  the  complexity  of  the  analysis  to  be  performed. 

The  limiting  stress  criteria  (Figure  23)  are  based  on  the  maximum  stress 
existing  in  the  pavement,  i.e.,  design  factor  is  defined  as  the  ratio  of 
flexural  strength  of  concrete  to  the  maximum  induced  stress.  Stresses 
less  than  the  maximum  do  exist  in  the  pavement , and  one  must  decide 
whether  to  include  their  effects  in  the  analysis.  Similarly,  the  loca- 
tion of  the  maximum  stress  will  vary  as  the  position  of  the  gear  varies. 
In  addition,  the  peak  of  the  load  distribution  for  each  aircraft  will 
vary.  This  can  best  be  illustrated  by  considering  Figure  30.  This 
figure  illustrates,  conceptually,  two  distributions  of  loads  across  a 
pavement  and  the  distribution  of  stress  within  the  pavement  for  loads 
located  at  the  center  of  the  distribution,  i.e.,  the  location  where  they 
are  most  likely  to  occur.  The  criteria,  as  developed,  are  based  only  on 
the  maximum  stress  that  occurs , and  through  the  concept  of  coverages , 
the  critical  location  within  the  pavement,  i.e.,  the  location  (one  tire 
width  wide)  where  the  maximum  number  of  maximum  stress  repetitions  will 
occur.  When  an  accumulated  damage  approach  is  used,  one  must  decide 
whether  or  not  to  try  to  account  for  the  effects  of  stresses  other  than 
the  maximum.  This  is  represented  by  the  unshaded  area  in  Figure  30. 

The  next  decision  that  must  be  made  is  whether  or  not  to  consider  the 
differences  in  the  locations  of  the  center  line  of  the  distributions  of 
the  various  aircraft  (aircrafts  A and  B in  Figure  30).  With  the  cri- 
teria, as  developed,  inclusion  of  either  effect  will  be  only  an 
approximation. 

In  the  examples,  only  the  maximum  stress  is  considered,  and  the 
location  of  the  center  line  of  the  distributions  of  each  aircraft  is 
considered  to  be  coincident,  i.e.,  the  pass-to-coverage  ratios  developed 
in  Reference  36  were  used  to  convert  aircraft  departures  or  operations 
to  coverages.  This  is  a rather  crude  application  of  cumulative  damage 
concepts  but  is  as  complex  as  can  be  Justified  considering  the  approxi- 
mations involved. 
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Any  of  the  four  procedures  for  handling  traffic  can  be  used. 

When  the  approximations  involved  and  the  effort  required  are  con- 
sidered, the  simpler  approaches  have  certain  advantages.  This  is 
especially  true,  since  a trial-and-error  procedure  will  be  required 
to  select  a PCC  slab  thickness  for  each  foundation  condition  tried  and 
to  select  the  optimum  combination  of  foundation  condition  and  PCC  slab 
thickness.  The  trial— and— error  process  will  be  illustrated  later  with 
example  problems  for  three  foundation  conditions  for  the  four  methods 
for  handling  traffic. 

LIMITING  DEFLECTION  CRITERIA 

Although  the  deflection  is  not  recommended  for  design,  examples 
are  worked  including  these  criteria.  The  design  examples  provide  some 
information  as  to  the  comparison  of  thickness,  as  determined  by  both 
the  stress  criteria  and  deflection  criteria,  and  Justify  not  recom- 
mending the  criteria  for  design. 

The  limiting  deflection  criteria  (Figures  2k  and  25)  are  used  to 
check  designs  obtained  based  on  the  limiting  stress  criteria.  If  the 
deflection  of  the  pavement  is  less  than  the  permissible  deflection, 
then  the  design  is  acceptable.  Otherwise,  the  slab  thickness  must  be 
increased,  or  the  base  course  thickness  or  quality  modified. 

The  four  methods  of  handling  traffic  are  basically  the  same. 

The  loading  requiring  the  largest  thickness  is  the  critical  loading. 

For  design  of  civil  facilities,  when  all  traffic  is  related  to  equiva- 
lent DC— 8-6l  traffic , the  limiting  deflections  are  for  the  equivalent 
DC-8-61  traffic  and  are  computed  for  the  equivalent  DC-8-61  load. 

When  the  design  is  for  the  wide-body  Jet  traffic,  the  limiting  deflec- 
tions computed  by  layered  elastic  theory  are  for  the  traffic  for  the 
particular  wide-body  aircraft  used  in  the  design.  When  the  accumula- 
tive damage  traffic  procedure  is  used,  the  limiting  and  computed 
deflections  and  the  volume  of  traffic  are  determined  for  each  in- 
dividual aircraft  and  the  largest  required  thickness  is  selected.  The 
same  procedure  is  followed  for  design  of  military  facilities,  i.e., 
limiting  and  computed  deflections  and  traffic  volume  are  computed  for 
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each  individual  aircraft  load  and  the  largest  thickness  is  selected  as 
the  design  thickness. 

Examples  of  all  of  these  procedures  will  be  illustrated  in  the 
following  section.  In  the  examples,  it  will  be  noted  that  deflection 
criteria  control  in  all  cases  where  the  loads  are  applied  through 
multiple-wheel  gears,  but  the  stress  criteria  control  for  the  single- 
wheel gears. 

EXAMPLE  PROBLEMS 

Design  examples  follow  for  both  civil  and  military  facilities . 

The  traffic  for  the  civil  facility  is  tabulated  in  Table  4 and  for  the 
military  facility  in  Table  5- 

The  subgrade  soil  for  the  examples  is  assumed  to  have  a resilient 
modulus  of  10,000  psi  and  a Poisson's  ratio  of  0.4.  For  one  foundation 
condition,  the  PCC  slab  is  placed  directly  on  the  subgrade.  The  second 
foundation  condition  is  one  in  which  a 12-in.  base  course  having  a 
resilient  modulus  of  30,000  psi  and  a Poisson's  ratio  of  0.3  is  placed 
between  the  PCC  slab  and  the  subgrade.  The  properties  of  the  base 
course  are  similar  to  what  might  be  contained  with  a granular  material. 
The  third  foundation  condition  is  one  in  which  an  8-in.  base  course 
having  a resilient  modulus  of  300,000  psi  and  a Poisson's  ratio  of  0.2 
is  placed  between  the  slab  and  the  subgrade.  The  properties  of  this 
base  course  are  similar  to  what  might  be  obtained  with  a bound  material. 
PCC  slab  thicknesses  are  selected  for  these  three  foundation  conditions 
based  on  the  limiting  stress  criteria  and  checked,  for  purposes  of 
illustration,  against  the  limiting  deflection  criteria.  Assuming  that 
the  materials  used  represent  realistic  ranges  of  available  materials, 
then  additional  designs  for  different  foundation  conditions  would  have 
to  be  made  for  economic  comparisons.  However,  the  examples  serve  to 
illustrate  the  procedures  required  to  select  acceptable  pavements  based 
on  structural  considerations.  The  PCC  is  assumed  to  have  a modulus  of 
4 * 10^  pBi , a Poisson's  ratio  of  0.2,  and  a design  flexural  strength 
of  700  psi. 

The  step-by-step  procedures  followed  for  several  of  the  loading 
and  foundation  conditions  are  outlined  in  detail.  These  will  be  typical 
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Table  4 


Traffic  for  Example  of  Design  for  Civil  Facility 


Aircraft 

Traffic  Volume 
Annual  Departures 

Gross  Aircraft 
Weight , kips 

Contact  Area 

DC-9 

7000 

115 

165 

B-727 

7000 

173 

237 

DC-8 

2000 

358 

209 

B-747 

1000 

713 

245 

Note:  Designs  assume  95  percent  of  gross  aircraft  weight  on  main  gears. 


Table  5 

Traffic  for  Example  of  Design  for  Military  Facility 


Aircraft 

Traffic  Volume 
Annual  Departures 

Gross  Aircraft 
Weight , kips 

Contact  Area 

B-52 

1000 

480 

267 

KC-135 

2000 

300 

267 

C-l4l 

2000 

320 

208 

F-lll 

4000 

110 

241 

Notes : 


1.  Designs  assume  90  percent  of  gross  aircraft  weight  on  main 
gears . 

2.  Load  for  B-52  includes  15  percent  overload  factor. 
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of  the  procedures  followed  for  other  conditions.  The  results  for  all 
the  loading  and  foundation  conditions  will  then  be  tabulated  and 


compared. 

Design  for  Civil  Facility — Granular  Base.  For  a 20-year  design 
for  a civil  facility,  a 12-in.  granular  base  over  the  previously  de- 
scribed subgrade  and  all  traffic  equated  to  equivalent  DC-8-61  traffic , 
the  first  step  is  to  convert  the  annual  departures  in  Table  1+  to  total 
departures  by  multiplying  the  annual  departures  by  20.  The  next  step 
is  to  apply  Equation  16  to  convert  the  total  c jpartures  to  equivalent 
DC-8-61  departures.  This  results  in  the  following: 

Aircraft  Total  Departures  Equivalent  PC-8-61  Departures 
140,000 


DC-9 

B-727 

DC-8 

B-747 


140,000 

40.000 

20.000 


8,800 

69,400 

40.000 

20.000 

138,200 


The  next  step  is  to  convert  the  total  equivalent  DC-8  departures  to 

36 

coverages  by  dividing  by  the  pass-to-coverage  ratio  of  3.35.  This 
results  in  traffic  as  expressed  in  coverages  of  41,300.  Applying 
Equations  7 and  9»  respectively,  results  in  a required  design  factor 
of  2.23  (stress  criteria)  and  a limiting  deflection  of  0.0407  in. 

The  next  step  is  to  run  the  BISAR  computer  program  for  several 
trial  slab  thicknesses.  The  design  factor  is  computed,  and  the  results 


may  be  tabulated  in 

PCC  Slab 
Thickness,  in. 

14 

16 

18 

20 

22 


following  manner: 


Design  Factor' 

1.52 

1.80 

2.10 

2.44 

.2.79 


Slab  Deflection,  in. 

0.0594 

0.0516 

0.0453 

0.0400 

0.0357 


These  results  may  be  plotted  as  illustrated  in  Figure  31,  and  a required 
slab  thickness  of  l8.8  in.  is  selected.  A check  of  deflection  criteria 
reveals  that  a PCC  slab  thickness  of  19*7  in.  would  be  required  to  meet 


the  deflection  criteria.  This  completes  the  structural  design  for  this 
one  load  and  foundation  condition. 
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The  design  for  the  wide-body  jet  aircraft  in  the  traffic  mix  is 
similar.  The  20,000  total  departures  are  converted  to  5,750  coverages 
with  a pass-to-coverage  ratio  of  3.1+8.  Applying  Equations  7 and  9, 
respectively,  results  in  a required  design  factor  of  1.92  and  a limiting 
deflection  of  0.0459  in.  The  BISAR  computer  code  was  run  for  several 
trial  slab  thicknesses,  and  design  factors  computed  with  the  maximum 
stress.  The  results  are  tabulated  as  follows: 


PCC  Slab 
Thickness,  in. 

12 
14 
1 6 
18 
20 


Design  Factor 


Slab  Deflection,  in. 


1.45 

1.73 

2.04 

2.38 

2.75 


0.0650 

O.O565 

0.0494 

0.0435 

0.0387 


These  results  may  be  plotted  as  illustrated  in  Figure  32,  and  a required 
slab  thickness  of  15.2  in.  is  selected.  A check  of  deflection  criteria 


reveals  that  a 17. 1-in. -thick  PCC  slab  is  required  for  satisfying  the 

t 

deflection  criteria.  Thus,  the  equivalent  DC-8-61  traffic  is  critical, 
and  the  design  would  be  based  on  the  slab  thickness  requirement  of 
l8.8  in.  for  the  DC-8-61. 


Design  for  Military  Facility — Bound  Base.  This  example  illus- 
trates the  procedure  for  selecting  PCC  slab  thickness  for  the  traffic 
tabulated  in  Table  5 and  a foundation  composed  of  the  8-in. -thick  bound 
base  course  (E  = 300,000  psi  and  v = 0.2)  over  the  previously  described 
subgrade  (E  = 10,000  psi  and  v = 0.4).  For  a 20-year  design  for  a 
military  facility,  the  first  step  is  to  convert  the  annual  aircraft 
passes  in  Table  5 to  total  passes  by  multiplying  by  20.  The  next  step 
is  to  convert  the  total  passes  for  each  aircraft  into  coverages  by  the 
appropriate  pass-to-coverage  ratios  from  Reference  36.  Equation  7 is 
then  applied  to  determine  the  design  factor,  and  Equation  9 is  applied 
to  determine  limiting  deflection.  The  results  of  these  steps  on  the 
traffic  in  Table  5 are  tabulated  as  follows: 


Total 

Total 

Design 

Design 

Aircraft 

Passes 

Coverages 

Factor 

Deflection 

B-52 

20,000 

13,100 

2.05 

0.0435 

KC-135 

40,000 

12,800 

2.05 

0.0436 

C-l4l 

40,000 

11 ,700 

2.03 

0.0438 

F-lll 

80,000 

14,200 

2.06 

0.0433 

Figure  32.  Selection  of  required  slab  thi 
wi de-body  Jet  traffic 


The  next  step  is  to  run  the  BISAR  computer  code  for  several  trial 
slab  thicknesses  to  generate  for  each  aircraft  an  array  of  data  similar 
to  the  following  for  the  B-52  aircraft: 


PCC  Slab 
Thickness,  in. 

20 

22 

24 

26 


Design  Factor 

1.56 

1.79 

2.02 

2.27 


Slab  Deflection,  in. 

0.0576 

0.0520 

0.01+72 

0.0431 


These  results  are  plotted  for  each  aircraft  (B-52  aircraft  in  Figure  33), 
and  a slab  thickness  is  selected  based  on  the  limiting  stress  criteria. 
Again,  for  illustrative  purposes  the  thickness  is  checked  against  the 
deflection  criteria  (Figure  33).  The  results  for  all  four  aircraft 
are  tabulated  as  follows: 


Aircraft 

B-52 

KC-135 

C-ll+1 

F-lll 


Required  Slab  Thickness 
(Stress  Criteria),  in. 

21+.3 

12.6 

11+.7 

13.3 


Required  Slab  Thickness 
(Deflection  Criteria),  in. 

25.8 

13.8 

15.5 

<10 


The  design  thickness  of  24.3  for  the  PCC  slab  would  then  be  selected 
based  on  the  B-52  traffic  and  the  stress  criteria. 

Design  for  Civil  Facility — Mixed  Traffic — Bound  Base.  This 
exan^le  will  illustrate  how  the  criteria  can  be  used  with  cumulative 
damage  concepts  to  design  the  PCC  slab  thickness  to  account  for  the 
effects  of  a mixture  of  traffic.  The  foundation  is  composed  of  the 
8-in. -thick  bound  base  layer  over  the  subgrade,  and  the  PCC  has  the 
properties  previously  enumerated. 

The  first  step  is  to  convert  the  traffic  in  Table  4 to  total 
departures  for  a 20-year  life  and  then  to  convert  the  total  coverages 
by  application  of  appropriate  pass-to-coverage  ratios  from  Reference  36. 
The  next  step  is  to  apply  Equations  8 and  9 as  appropriate  to  determine 
the  limiting  deflections  for  each  aircraft  at  the  applied  traffic  level, 
xue  total  coverages  and  limiting  deflection  for  each  aircraft  in  the  mix 
are  tabulate!  as  follows: 
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l 


I 


Aircraft  Applied  Coverages 


Limiting  Deflection,  in. 


DC-9 

38,000 

B-727 

U2,900 

DC-8 

11 ,900 

B-7U7 

5,750 

0.0U09 

0.0U06 

O.OU38 

O.OU59 


The  BISAR  computer  code  is  run  for  a number  of  trial  slab  thick- 
nesses for  each  aircraft.  Design  factors  are  then  computed,  and  maximum 
deflections  are  selected  from  the  results  of  the  computer  runs.  With  the 
computed  design  factor,  the  allowable  coverage  level  for  each  aircraft 
for  the  particular  thickness  in  question  may  be  computed.  Finally,  the 
ratio  of  the  applied  to  allowable  coverage  level  for  each  aircraft , plus 
the  sum,  is  computed.  The  results  of  this  procedure  are  contained  in 
Table  6.  Figure  3**  presents  a plot  of  the  summation  of  the  ratios  of 
applied  to  allowable  coverages  versus  thickness.  Application  of  Miner's 
hypothesis,  i.e.,  failure  will  occur  when  the  ratio  of  applied  to 
allowable  coverages  reaches  one,  yields  a required  thickness  of  16.8  in. 

A comparison  of  limiting  deflections  for  each  aircraft  listed  above  with 
the  computed  deflections  in  Table  6 reveals  that  the  computed  deflection 
is  less  than  the  limiting  deflection  for  a thickness  of  17  in.  for  all 
aircraft  except  the  DC-8.  For  the  DC-8,  the  limiting  value  is  O.OU38 
as  compared  with  the  computed  value  of  0.0U61.  For  the  l8-in. -thick 
slab,  the  computed  deflection  for  the  DC-8  is  0.01*33.  By  plotting  the 
deflection  versus  slab  thickness,  it  is  determined  that  a slab  thickness 
of  17.8  in.  would  be  required  to  satisfy  the  deflection  criteria.  Again, 
the  results  indicate  that  for  the  twin-tandem  gear  the  deflection  cri- 
teria would  dictate  the  design  and  help  to  confirm  the  conclusion  that 
design  on  the  basis  of  deflection  would  be  overly  conservative. 

By  comparing  the  ratios  of  applied  to  allowable  coverages  in 
Table  6,  it  can  be  noted  that  the  DC-8  aircraft  dominates  the  design. 
Although  the  B-7^7  has  about  the  same  gear  load,  the  flotation  of  the 
gear  is  more  efficient;  therefore,  the  damaging  effect  of  the  B-Tkj 
traffic  is  negligible  compared  with  the  effect  of  the  DC-8  traffic. 

Summary  of  Design  Examples.  The  array  of  designs  obtained  for 
the  civil  facility  traffic  is  shown  in  Table  7 and  for  the  military 
facility  traffic  in  Table  8.  Presented  also  in  the  tables  is  the  slab 
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Table  6 

Mixed  Traffic  Analysis — Civil  Facility — Bound  Base 


DC-9  0.011*5  1+.27  — 7 0.000 
B-727  0.0213  3.11  1.27  * 10*  0.003 
DC-8  0.01*07  2.1*1*  164,000  0.073 
B-747  0.0394  2.75  1,230,000  0.005 

0.08l 


16.0  16.5  17.0  17.5  18.0  16.5  19.0 


PCC  slab  thickness,  in. 

Figure  3^.  Summation  of  the  ratios  of  applied  to 
allowable  coverages  versus  slab  thickness 


95 


1 


Table  7 


Table  8 


Slab  Thickness  for  Military  Facility 


Required  Slab  Thickness,  In. 

Present 

Stress  Deflection  Design 

Pavement  Type Criteria  Criteria  Criteria 


B-52  Aircraft 


No  base  25.6  27.0 

12-in.  granular  base  25.3  26.5 

8-in.  bound  base  24.3  25.8 

KC-135  Aircraft 

No  base  l4.2  15.2 

12-in.  granular  base  13.7  lU.6 

8-in.  bound  base  12.6  13.8 

C-l4l  Aircraft 

No  base  l6.3  l6.8 

12-in.  granular  base  15.8  16.2 

8-in.  bound  base  14.7  15-5 

F-lll  Aircraft 

No  base  l4.2  <10 

12-in.  granular  base  13.9  <10 

8-in.  bound  base  13.3  <10 


23.2 

20.8 


13.0 

10.9 


14.7 

12.7 


14.1 

13.4 


Accumulative  Damage-Mixed  Traffic  Design 


thickness  as  determined  hy  present  Corps  of  Engineers*  design  criteria. 

The  comparison  between  the  different  slab  thicknesses  should  be  noted. 
Although  the  design  examples  provide  some  comparison  between  the  different 
criteria,  these  examples  cover  only  a limited  design  condition.  A more 
comprehensive  comparison  is  provided  in  the  following  section. 

COMPARISON  OF  CRITERIA 

In  working  through  the  design  examples,  it  was  obvious  (Tables  7 
and  8)  that  the  slab  thicknesses  obtained  by  applying  the  stress  criteria 
(Equation  7)  or  the  deflection  criteria  (Equation  9)  were  different  from 
the  thicknesses  obtained  from  the  present  Corps  of  Engineers  design  pro- 
cedure. Although  the  difference  due  to  the  dependence  of  the  criteria 
on  the  gear  was  expected  in  the  case  of  deflection  criteria,  for  the 
stress  criteria  the  magnitude  of  the  difference  was  unexpected  and  felt 
to  be  unacceptable.  To  understand  the  nature  of  the  differences  in  the 
criteria,  additional  analyses  were  conducted. 

First,  the  required  slab  thicknesses  for  different  design  situ- 
ations were  computed  using  each  of  the  design  criteria.  Figures  35  and 
36  present  the  comparisons  of  the  required  slab  thicknesses  over  a range 
of  subgrade  strengths  for  the  DC-8  and  C-lhl  aircraft.  From  these  fig- 
ures, it  is  seen  that  the  slab  thickness  determined  by  the  deflection 
criteria  is  highly  sensitive  to  changes  in  subgrade  strength.  This 
would  strongly  indicate  these  deflection  criteria  to  be  dependent  on 
the  subgrade  strength.  It  would  appear  that  for  weak  subgrades,  the 
deflection  criteria  would  be  overly  conservative.  From  these  studies, 
the  conclusion  was  reached  that  the  surface  deflection  would  not  be  a 
good  design  parameter.  The  stress  criteria  also  appeared,  at  least  for 
the  higher  levels  of  traffic,  to  give  slab  thicknesses  that  were  sig- 
nificantly greater  than  those  determined  from  the  present  design 
criteria. 

For  additional  comparison  between  the  stress  criteria  and 
present  design  criteria,  coverage  predictions  (Table  9)  were  made 


* These  criteria  are  also  the  same  as  FAA  design  criteria  contained 
in  FAA  Advisory  Circular  AC  150/5320-6C.  Thereafter,  the  criteria 
will  be  referred  to  as  the  present  design  criteria. 
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320  KIPS 
= 206.2  SQ  IN 


Table  9 


Data  for  Comparison  of  Stress  and  Present  Criteria 


Test  Series* 

Test** 

Thickness 
(in. ) 

K (pci) 

R 

71*0 

0.75  oe  (p.l) 

H (percent) 

°LT  (p,l) 

»ctu.l 

390.04 

Coverages 

Present 

Lochbourne  No.  1 

A- 1 

5.72 

150 

627 

92.7 

1*05 

1*61.000 

7,888 

A-  2 

5.72 

150 

780 

911 

71.3 

599 

1*5.0 

0.1*00 

96 

&-1 

5.50 

75 

'7  **0 

776 

79.1 

501* 

187.0 

6.000 

286 

B-2 

5.50 

7$ 

780 

11**5 

60.6 

759 

35.0 

0.010 

17 

C-l 

5.50 

70 

71*0 

788 

78.6 

558 

200.0 

5.000 

116 

C-2 

5.50 

70 

780 

1165 

59.8 

853 

1*1*.  0 

0.010 

8 

D-l 

5.50 

75 

71*0 

776 

79.1* 

572 

1*50.0 

6.000 

90 

D-2 

5.50 

75 

.780 

111*5 

60.6 

877 

33.0 

7 

E-l 

5.75 

101* 

7**0 

680 

87.5 

505 

1*30.0* 

85.000 

286 

E-2 

5.75 

10U 

780 

998 

66.9 

771 

77.0 

0.100 

15 

F-l 

7.75 

52 

7*»0 

525 

106.0 

396 

550.04 

12,068.000 

3.73U 

F-? 

7.75 

52 

780 

80*. 

80.6 

625 

111.0 

9.000 

70 

K-3 

9. 1*1* 

• 90 

735 

730 

81. 1* 

570 

72.0 

12.000 

90 

K-2 

9.  *»*• 

• 90 

780 

5**7 

107.3 

1*10 

700.0 

1U, 606. 000 

U ,527 

N-2 

8.oo 

•75 

780 

709 

88.1 

561* 

150.0 

103.000 

161 

N-3 

8.06 

75 

735 

936 

66.7 

785 

9.0 

0.100 

10 

0-2 

9.»*6 

75 

780 

569 

101.2 

1*58 

573.0 

9,266.000 

1,253 

0-3 

9.U6 

75 

735 

76** 

78.9 

61*7 

72.0 

5.000 

3L 

P-2 

7.58 

95 

780 

721 

86.9 

632 

262.0 

69.000 

61 

P-3 

7.58 

95 

735 

937 

66.0 

883 

6.0 

0.100 

5 

0-2 

9.<*<* 

109 

780 

52** 

110.7 

1*65 

1,390.0 

21*. 061*.  000 

1,102 

0-3 

9.UU 

109 

735 

69** 

81*.  *4 

659 

57.0 

31.000 

30 

U-2 

5.83 

207 

780 

8l8 

77.1* 

527 

88.0 

3.000 

305 

U-3 

5.83 

207 

735 

995 

60.0 

651 

1.5 

0.100 

32 

A-RKC 

9.81 

107 

725 

**51 

118.3 

390 

658.0 

73,1*62.000 

3,502 

Lockbourne  No.  2 

E-l 

15.00 

90 

725 

796 

78.5 

629 

97.0 

5.000 

37 

E-2 

15.00 

150 

680 

721 

79.8 

571* 

912.0 

7.000 

UU 

E-3 

15.00 

99 

710 

782 

78.2 

663 

17.0 

u.ooo 

22 

E-l* 

15.00 

161* 

680 

707 

80.  T 

61*2 

203.0 

9.000 

21 

E-5 

18.73 

91 

695 

573 

95.5 

U5** 

VJ.O 

1,11*9.000 

U21 

E-6 

20.26 

97 

700 

505 

10l*.l* 

397 

2,20l*.04 

9,51*1.000 

1.81*3 

E-7 

2U.  00 

88 

760 

397 

129.2 

312 

2, 201*. 04 

36**,  000. 000 

1U5.115 

M-l 

12.00 

55 

725 

719 

81.7 

600 

13U.0 

13.000 

5U 

H -2 

15.00 

55 

725 

5**3 

102.1 

1*1*6 

2, 201*.  04 

6,806.000 

800 

H-3 

20.00 

55 

725 

36** 

136.1 

295 

2, 201*.  04 

1,003,000.000 

165,000 

Lockbourne  No.  3 

6.00 

62 

800 

1339 

57.3 

976 

18.0 

o.ool* 

u 

Sharonvllle 

57 

20.00 

27 

7 **0 

1*1*7 

116.6 

315 

3l<  ,650.0* 

57,233.000 

81,1*20 

Channelized 

58 

18.00 

30 

71*0 

519 

105.8 

373 

31*. 650. 04 

11,718.000 

7.567 

59 

16.00 

**7 

730 

585 

97.1* 

391* 

7,600.0 

2.136.000 

3,28L 

60 

12.00 

335 

730 

65** 

89.8 

1*16 

1 ,67  ** . 0 

179.000 

1,728 

61 

1**.00 

300 

730 

538 

103.1 

31*9 

3,867.0 

7,883.000 

15,335 

62 

16.00 

360 

730 

1*28 

120.9 

271* 

10,082.0 

107,620.000 

595, 9U9 

Sharonvllle 

71 

32.00 

100 

800 

359 

1*5.1 

21*9 

9,680.04 

3,900,000.000 

20,368,lUl 

Heavy 

72 

28.00 

70 

80 0 

»»66 

120.9 

319 

9,680.0 

107,620.000 

227, U65 

73 

2**.  00 

70 

8 00 

585 

103.6 

1*01 

2,115.0 

8,1*83.000 

6.60U 

MWWGL 

1-C5 

10.00 

60 

725 

820 

73.6 

580 

221.0 

0.910 

70 

2-C5 

12.00 

70 

800 

632 

97.8 

1*73 

1*  ,230.0 

2,1*33.000 

1,176 

3-C5 

1**.00 

71* 

70  0 

510 

10«*.l 

391* 

1,1*00.0 

9.13C.OOO 

2,095 

U-C5 

8.00 

7*. 

775 

101** 

61*. 3 

735 

180.0 

0.01*0 

19 

2-DT 

12.00 

70 

700 

779 

75.5 

566 

95.0 

1.700 

65 

3-DT 

1**.00 

7** 

660 

637 

85.2 

<*61 

205.0 

1*0.000 

221 

KUS 

1-C5 

8.00 

250 

905 

7**7 

91*. 7 

656 

511.0 

685 . 000 

160 

2-C5 

11.00 

100 

730 

61*1 

89.9 

522 

3W.0 

185.000 

182 

3-C5 

10.00 

80 

810 

763 

81*. 8 

580 

22.0 

35.000 

182 

L-C5 

10.00 

235 

860 

576 

112.1 

522 

6,336.0 

29,567.000 

909 

U-DT 

10.00 

235 

860 

709 

9k.  2 

61*3 

320.0 

752.000 

12L 

SSPS 

3-200 

15.00 

120 

900 

621 

108.9 

1*63 

3,215.0 

18.U7L.000 

■>,653 

V2U0 

15.00 

120 

90 C 

7**5 

91*.  0 

561* 

35C.  0 

70L . 000 

659 

*1-200 

15.00 

150 

870 

588 

110.5 

1*63 

1*.  660.0 

23,368.000 

3,98? 

U-2U0 

15.00 

150 

870 

706 

96.0 

555 

70.0 

1,353.000 

5LL 

• For  description  of  test  series,  refer  to  Appendix  B. 

••  Column  headings: 


K 

R 

°a 

H 

°LT 

Actual 

Present 
Equation  7 


the  Modulus  of  subgrade  reaction 

the  modulus  of  rupture  for  the  concrete  slab 

the  edge  stress  as  caagmted  by  plate  theory 

the  percent  standard  thickness  computed  for  development  of  design  criteria 
the  interior  stress  as  cosqmted  by  layer  theory 

actual  coverage  to  failure  or  If  a ♦ is  used  vould  mean  section  did  not  fail  and  the 
coverage  given  is  when  traffic  was  terminated 

the  predicted  coverage  to  failure  as  determined  from  present  design  criteria 
the  predicted  coverage  to  failure  as  determined  from  the  design  criteria 
(Equation  9)  developed  In  this  study 
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for  the  test  sections  using  both  criteria.  Figure  37  shows  the  compari- 
son of  the  two  criteria.  These  data  are  the  evidence  that  the  two  cri- 
teria are  different  even  though  much  of  the  same  test  data  were  used 
in  the  development  of  both  criteria. 

The  difference  is  particularly  noticeable  at  the  lower  coverages 
(below  200)  and  the  higher  coverages  (from  1,000  to  30,000).  Figure  38 
presents  a comparison  of  both  criteria  with  the  actual  coverages  to 
failure.  The  comparison  of  Figure  38  clearly  shows  that  the  stress 
criteria  as  developed  in  this  study  better  predicts  the  actual  perfor- 
mance, at  least  for  the  lower  and  higher  coverages,  than  the  present 
design  criteria. 

To  better  understand  why  the  present  design  criteria  are  failing 
to  predict  perf  ice  in  certain  coverage  ranges,  the  test  data  were 
reanalyzed  in  the  same  manner,  i.e.,  plate  theory  was  used  to  compute 
edge  stresses,  as  was  done  to  develop  the  original  Corps  of  Engineers 
design  criteria.  The  data  for  the  analysis  are  given  in  Table  Al.  Also, 
the  present  design  criteria  were  used  to  develop  interior  stress  cri- 
teria of  the  form  of  Equation  7.  This  was  accomplished  by  designing, 
based  on  present  design  criteria,  a number  of  pavements  covering  a range 
of  design  conditions.  The  design  factors  for  these  hypothetical  sections 
were  computed  in  the  same  manner  as  the  design  factors  for  the  test 
sections.  The  result  was  interior  stress  criteria,  which  best  fit  the 
present  design  criteria. 

Figure  39  shows  the  comparison  between  the  present  design  cri- 
teria and  the  data  developed  from  the  test  sections.  It  should  be 
repeated  that  these  data  shown  were  computed  using  edge  stresses  in 
the  w&y  as  was  used  to  develop  the  present  design  criteria.  The 

specific  reasons  for  the  disparity  between  the  criteria  and  the  test 
section  data  are  not  known.  One  contributing  factor  may  have  been  that 
a considerable  amount  of  the  data  shown  is  from  test  sections  constructed 
and  tested  after  the  development  of  the  present  design  criteria.  The 
lack  of  data  would  not  completely  explain  the  disparity,  but  no  other 
explanations  can  be  offered.  Figure  1+0  provides  a comparison  of  stress 
criteria  (Equation  7)  with  the  present  design  criteria.  From  this 
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coverage  predicted  by  present  c.e  criteria 


Figure  37.  Conqjarison  of  coverage  predicted  "by  present  design 
criteria  with  coverage  predicted  by  stress  criteria 


TED  COVERAGE  TO  FAILURE  BY  CRITERIA 


COVERAGES  TO  FAILURE 

Figure  39.  Comparison  of  present  design  criteria  with  test  section  data 


3.0 


Comparison  of  stress  criteria  (Equation  7)  with  present  design  criteria 
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comparison,  it  is  clear  that  for  low  coverages  the  new  stress  criteria 
will  require  pavements  of  lesser  thickness  and  for  high  coverages  will 
require  pavements  of  greater  thicknesses. 

The  conclusion  from  the  comparisons  of  the  two  criteria  is  that 
a basic  difference  does  exist  between  the  two  criteria.  The  test  section 
data  as  analyzed  in  this  study  definitely  support  the  new  criteria,  and 
acceptance  of  the  new  criteria  is  Justified. 

JOINT  DESIGN 

The  subject  of  joints  has  been  sorely  neglected  in  this  report. 
This  was  done  deliberately  even  though  joints  in  rigid  pavements  are 
necessary  and  are  critical  to  the  performance  of  the  pavement.  Joints 
were  neglected  primarily  because  the  elastic  layered  computational  model 
does  not  have  the  ability  to  simulate  the  discontinuities  in  the  layers, 
and  no  new  data  or  analyses  were  developed  during  the  study  that  would 
improve  joint  design.  As  a result,  the  current  Joint  types  and  Joint 
requirements  as  contained  in  References  1-3  should  be  used. 

The  criteria  developed  will  indirectly  reflect  the  influence  of 
joints  since  all  the  test  pavements  contained  joints  that  were  similar 
to  those  currently  used.  The  traffic,  in  many  of  the  tests,  was  applied 
in  the  critical  location  with  respect  to  the  joints.  Therefore,  the 
criteria  should  be  adequate,  provided  currently  specified  joint  systems 
are  used. 

Joints  in  PCC  pavements  are  critical.  In  order  to  improve  Joint 
design  (and  therefore  improve  the  design  of  the  entire  pavement  system), 
a computational  model  is  needed  that  will  permit  the  computation  of  the 
response  of  a layered  system  in  which  the  layers  contain  discontinuities. 
A model  such  as  this  would  permit  a reanalysis  of  the  results  from  the 
test  pavements  and  the  development  of  criteria  that  are  based  on  the 
most  critical  stress  and  deflection  in  the  pavement.  Designs  could  then 
be  accomplished  wherein  the  design  of  the  joints  would  be  an  integral 
part  of  the  procedure.  Just  as  selection  of  base  and  PCC  thickness. 

This  would  then  permit  consideration  of  the  effectiveness  of  various 
types  of  joints,  i.e.,  doweled,  keyed,  keyed  and  tied,  thickened  edge, 
etc. 
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TRANSLATION  FROM  DESIGN 
TO  CONSTRUCTION 


The  production  of  plans  and  specifications  for  constructing  pave- 
ments with  the  design  procedure' contained  herein  will  require  some 
modifications  to  presently  used  procedures.  For  subgrade  soils  and 
borrow  material,  no  changes  will  be  needed.  The  materials  to  be  used 
may  be  identified,  and  with  specifications  of  thickness  of  compacted 
layer,  density,  and  moisture,  there  is  a reasonable  degree  of  certainty 
that  the  material  constructed  will  be  as  intended  by  the  designer. 

For  bases  (subbases)  and  PCC,  changes  will  be  required.  For 
bases,  there  are  several  alternatives.  One  alternative  is  to  completely 
specify  the  material  as  to  source,  gradation,  density,  moisture,  type 
and  amount  of  additive,  and  layer  thickness.  A second  alternative  is 
to  specify  alternate  types  (granular,  chemically  stabilized,  or  bitu- 
minous stabilized)  .along  with  the  required  thicknesses  and  moduli  of 
elasticity  of  each  type.  A third  alternative  is  to  specify  a relation- 
ship between  modulus  of  elasticity  and  layer  thickness.  This  will 
permit  the  contractor  to  select  the  type  material  to  use.  Certain 
ranges  of  acceptable  moduli  and  thicknesses  would  have  to  be  established, 
and  different  quality  control  measures  would  be  required  for  the  third 
alternative. 

For  PCC,  the  alternatives  are  similar  to  those  for  bases,  i.e., 
a complete  description  of  the  material  to  be  used,  including  source  of 
aggregates,  mix  design,  etc.,  may  be  specified,  or  the  desired  prop- 
erties (flexural  strength  and  modulus  of  elasticity)  may  be  specified, 
allowing  the  contractor  to  select  necessary  materials  and  ingredient 
proportions. 

The  selection  of  the  procedure  to  use  for  translation  from  design 
to  construction  will  depend  on  how  and  when  the  economic  analysis  is  to 
be  made.  The  use  of  a layered  model  permits  a number  of  structurally 
acceptable  layered  systems  to  be  generated.  If  the  designer  performs 
the  economic  analysis,  then  definite  narrow  specifications  should  be 
provided  to  ensure  that  the  pavement  that  is  built  conforms  to  that 
which  the  designer  intended.  When  end-product  specifications  (such  as 
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the  third  alternative  for  bases)  are  used,  it  is  implicitly  assumed  that 
the  contractors  will  consider  all  possible  alternatives  in  preparation 
of  their  bids  and  thus  perform  the  economic  analysis.  In  this  case,  the 
specifications  would  be  very  broad. 

The  user  agency  should  select  the  type  procedure  that  best  fits 
within  its  management  system.  Any  of  the  alternatives  discussed  above 
should  prove  satisfactory. 

A final  note  on  translation  from  design  to  construction  should  be 
made  regarding  rounding  off  of  thicknesses.  Thicknesses  of  base  (sub- 
base) courses  should  be  considered  in  increments  of  1 in.  When  fixed 
side  forms  are  used,  the  thickness  of  PCC  should  be  rounded  to  the 
nearest  full  inch.  For  fractions  of  an  inch  equal  to  or  less  than 
0.25  in.,  the  thickness  is  rounded  down;  for  fractions  of  an  inch 
greater  than  0.25  in.,  the  thickness  should  be  rounded  up.  When  slip- 
form  pavers  are  to  be  used,  the  thickness  of  PCC  should  be  rounded  to 
the  nearest  0.5  in.  with  the  quarter  points  (0.25  and  0.75  in.)  as  the 
limits  for  rounding  up  or  down. 


CONCLUSIONS  AND  RECOMMENDATIONS 


The  following  conclusions  and  recommendations  are  offered  re- 
garding the  design  procedure  developed  herein: 

a.  There  exists  a basic  difference  in  the  design  criteria 
developed  in  this  study  and  the  present  design  criteria. 

The  data  from  test  sections  support  the  acceptance  of  the 
stress  criteria  as  developed  herein. 

b.  The  design  criteria  as  developed  in  this  report  should  be 
implemented  for  the  design  of  aircraft  pavements.  The  Shell 
BISAR  computer  code  should  be  used  for  computation  of 
stresses  and  deflections.  Materials  should  be  characterized 
with  procedures  recommended  in  this  report. 

c_.  Data  points  are  needed  at  traffic  volumes  greater  than 
10,000  coverages  to  verify  extrapolation  of  the  limiting 
stress  and  limiting  deflection  performance  relationships, 
or  to  provide  means  for  modification  of  the  relationships 
for  higher  traffic  volumes. 

d.  Efforts  should  be  continued  toward  the  development  of  a more 
generalized  computational  code,  which  will  permit  direct 
inclusion  of  the  effects  of  discontinuities  in  the  layers 
and  variable  interface  conditions  between  layers. 

e^.  Efforts  should  be  made  to  develop  procedures  for  quantifying 
the  load  deformation  characteristics  of  deteriorated  rigid 
pavements  and  interface  conditions  between  PCC  layers. 
Achievement  of  these  goals  will  permit  design  of  rigid 
overlays  of  rigid  pavements  with  same  methodology  used  for 
new  rigid  pavements. 
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APPENDIX  A:  DEVELOPMENT  OF  MATERIAL 
CHARACTERIZATION  PROCEDURES 


CONSIDERATION  OF  REPEATED  LOADING 

PORTLAND  CEMENT  CONCRETE 
25 

Chou  devotes  a chapter  to  the  characterization  of  PCC.  One  of 
the  many  factors  noted  by  Chou,  which  affects  the  modulus  of  elasticity 
of  concrete,  is  the  repeated  application  of  stresses.  The  consensus 
from  this  review  and  two  additional,  rather  extensive,  reviews  of  the 
fatigue  of  PCC^*^"  is  that  the  stiffness  as  measured  with  any  of  a 
variety  of  procedures  (flexural,  compression,  etc.)  and  sis  computed 
by  several  different  methods  (secant,  tangent,  etc.)  is  decreased  by 
the  application  of  load  repetitions.  However,  as  far  as  is  known,  it 
has  not  been  shown  that  traffic  causes  a significant  reduction  in  the 
modulus  of  in-place  PCC.  The  extensive  evaluation  program  conducted 
on  military  airfields  has  not  shown  this  to  be  a major  factor. ^ This 
presumes,  of  course,  that  the  concrete  is  intact.  Exposure  to  freezing- 
thawing and  deicing  salts,  aggregate  reactivity,  sulfate  attack,  etc., 
will  affect  the  modulus  of  elasticity,  but  this  is  usually  manifest 
in  visible  deterioration  other  than  structural  cracking. 

The  complexity  of  the  relationship  between  modulus  of  elasticity 
and  repeated  loads  and  the  apparently  small  magnitude  of  change  caused 
by  traffic  has  led  to  the  omission  of  the  effects  of  repeated  load  on 
PCC  modulus  of  elasticity.  There  may  be  some  decrease  in  modulus  due 
to  repeated  loads  or  exposure,  but  conversely  there  should  be  some 
increase  because  of  the  effects  of  long-term  hydration.  The  net  result 
is  that  the  computation  of  the  modulus  of  elasticity  from  the  stress- 
strain  relationship  obtained  from  the  initial  loading  of  a PCC  specimen 
is  considered  adequate  for  characterizing  the  material  for  the  life  of 
a pavement. 

Poisson's  ratio  for  PCC  normally  receives  very  little  attention. 
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This  may  be  unjustified,  but  as  pointed  out  by  Chou,  the  range  of 
statically  determined  Poisson's  ratio  is  only  from  about  0.11  to  0.21, 


and  the  average  of  dynamically  determined  values  was  about  0.2k.  Added 
factors  are  the  difficulty  of  measurement  and  the  relatively  small  in- 
fluence that  varying  Poisson's  ratio  within  a reasonable  range  has  on 
the  computed  response.  Several  studies  referenced  by  Chou  show  that 
the  value  of  Poisson's  ratio  increases  with  load  repetitions,  but  that 
this  occurs  primarily  for  high  stress  levels.  No  evidence  was  found  to 
indicate  that  load  repetitions  should  seriously  be  considered  in  de- 
scribing Poisson's  ratio  for  PCC. 

The  effects  of  repeated  loads  on  the  strength  of  PCC  is  a well- 
established  and  extensively  researched  phenomenon.^0 It  is  uni- 
versally accepted  that  the  magnitude  of  stress  that  can  be  sustained 
by  PCC  before  cracking  is  a function  of  the  number  of  repetitions  of 
the  stress  and  that  the  magnitude  of  this  stress  decreases  as  the  number 
of  stress  repetitions  increases.  The  number  of  stress  repetitions  of  a 
given  magnitude  that  a material  can  sustain  is  dependent  on  numerous 
factors,  i.e.,  age,  mix  proportions,  type  aggregate,  rate  of  loading, 
range  of  loading,  etc.  The  most  important,  however,  is  the  static 
strength  of  the  material.  Fatigue  data  are  normally  presented  in  the 
form  of  a plot  of  the  ratio  of  the  static  strength  to  the  applied 
stress  versus  the  number  of  repetitions.  This  would  appear  to  be  the 

characterization  needed  for  PCC  and  is  the  approach  taken  indirectly 

1 1(  5 

by  several  design  agencies.  * * Safety  factors  are  applied  to  keep 
stress  levels  within  tolerable  limits,  and  the  material  is  charac- 
terized by  the  static  strength. 

2 3 

The  approach  taken  by  other  agencies  ’ is  similar  but  the 
effects  of  load  repetitions  on  the  entire  pavement  system  are  con- 
sidered, and  the  fatigue  relationships  used  are  for  the  entire  pave- 
ment system.  The  number  of  load  repetitions  the  pavement  can  sustain 
is  related  to  the  static  strength  of  the  PCC  and  the  stress  within  the 
pavement.  The  result  is  that  the  effects  of  load  repetitions  are 
handled  indirectly  and  a fatigue  relationship  for  the  concrete  to  be 
used  is  not  required  for  each  design  situation.  Rather,  the  perfor- 
mance of  the  pavement  system  is  related  to  the  static  strength  and  is 
the  one  parameter  needed  to  characterize  the  material.  This  is  also  the 
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approach  taken  for  the  procedure  developed  herein. 

BOUND  BASES  (SUBBASES) 

When  considering  bound  bases,  chemically  stabilized  materials 
(portland  cement,  lime,  fly  ash,  etc.)  and  bituminous-stabilized 
materials  need  to  be  discussed  separately,  even  though  the  conclusions 
regarding  inclusion  of  effects  of  repeated  loading  are  the  same  for  both 
types  of  bound  bases.  Due  to  the  viscous  and  temperature-dependent 
behavior  of  the  bituminous  binder,  bituminous-stabilized  materials  are 
affected  by  temperature  and  rate  of  loading  to  a much  greater  extent 
than  any  other  component  in  a pavement  structure. 

A great  deal  of  the  work  done  on  the  characterization  of  bitumi- 
nous mixtures  has  been  directed  toward  determining  the  rather  complex 
response  of  the  material  and  the  effects  of  temperature  and  rate  of 
loading.  Also,  much  of  the  work  has  been  performed  for  the  purpose  of 

characterizing  the  material  for  flexible  pavements. 
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Chou  has  a detailed  review  of  characterization  procedures  for 
bituminous  mixtures.  The  various  types  of  available  tests  are  discussed 
including  repeated  load  flexural  tests.  The  effects  of  rate  of  loading 
and  temperature  are  noted  as  dominating  factors.  Therefore,  the  inclu- 
sion of  the  effects  of  repeated  loading,  while  important,  does  not 
account  for  other  important  factors.  Complete  characterization  would 
require  that  a different  rate  of  loading  be  used  for  various  features 
(runways,  taxiways,  and  aprons)  and  that  a range  of  temperatures  be 
used  for  defining  the  modulus  of  elasticity  and  Poisson's  ratio.  From 
a practical  point  of  view,  the  ranges  of  rates  of  loading  and  tempera- 
tures encountered  are  limited,  and  the  inclusion  of  the  effects  of 
repeated  flexural  loads  at  approximate  temperatures  and  rates  of 
loading  adequately  characterizes  bituminous  bases  (subbases)  for  rigid 
pavement  design. 

Chemically  stabilized  bound  bases  (subbases)  are  not  as  dependent 

on  the  rate  of  loading  and  the  temperature  as  bituminous  bases.  They  do 

have  an  effect,  but  this  effect  would  be  minor  in  comparison  with  other 
25 

factors.  Chou  cites  numerous  references  of  studies  made  of  the  load 


deformation  properties  of  chemically  stabilized  material.  Emphasis  is 
placed  on  the  modulus  of  elasticity,  and  the  effects  of  repeated  loads 
are  noted.  The  effects  on  compressive,  tensile,  and  flexural  loadings 
are  noted  and  are  essentially  the  same,  i.e.,  the  modulus  increases  with 
the  number  of  loadings.  The  magnitude  and  nature  of  the  increase  would 
be  dependent  on  the  type  loading,  magnitude  of  applied  stress,  curing 
time,  etc.  Modulus  values  computed  from  compressive  tests  generally 
appear  to  be  more  sensitive  to  load  applications  than  do  modulus  values 
computed  from  flexural  tests. 

Static  and  resilient  modulus  values  for  several  chemically 
stabilized  bound  materials  are  compared  in  Table  Al.  The  results 
shown  are  averages  from  tests  of  several  samples.  The  materials  were 
field-mixed,  but  the  samples  were  compacted  and  cured  in  the  laboratory. 
The  larger  ratios  are  for  the  more  flexible  materials.  Indications  are 
that  the  consideration  of  the  effects  of  repeated  loading  on  the  modulus 
of  elasticity  of  chemically  stabilized  bases  is  a justifiable 
requirement . 

GRANULAR  BASES  ( SUBBASES ) 

Granular  materials  are  extremely  difficult  to  characterize.  For 

bituminous  mixtures,  the  rate  of  loading  and  the  temperature  are  the 

dominating  factors  affecting  the  properties  of  the  material.  For 

granular  materials,  the  state  of  stress,  particularly  the  confining 

stress,  is  the  dominating  factor  in  determining  load-deformation 

properties.  Repeated  loading  also  affects  the  modulus  of  granular 
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materials.  In  summarizing  the  results  of  numerous  studies,  Chou 
states : "The  consensus  from  these  studies  has  been  that  the  response 
of  granular  materials  to  repeated  loading  is  different  from  their 
response  to  static  loading."  The  general  pattern  noted  was  that 
repeated  loadings  increased  the  stiffness  provided  shear  failure  was  not 
progressing.  This  implies  that  the  modulus  of  elasticity  is  Increasing. 

The  effect  on  Poisson's  ratio  of  repeated  loading  may  be  different 
from  the  effect  of  repeated  loading  on  modulus  of  elasticity.  The 
nature  of  any  change  in  Poisson's  ratio  that  may  occur  with  repeated 
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Comparison  of  Static  and  Resilient  Moduli  of 


applications  will  depend  on  the  initial  density  of  the  material.  If 
the  relative  density  is  low,  then  densification  may  occur  and  there 
would  be  an  apparent  decrease  in  Poisson's  ratio  (possibly  negative 
values)  as  loads  are  applied.  However,  Poisson's  ratio  would  reach  a 
relatively  constant  value  where  it  would  remain  unless  shear  failure 
began  to  occur.  Then,  there  would  be  an  apparent  increase  in  Poisson's 
ratio  as  the  material  underwent  an  increase  in  volume  during  shear 
failure.  To  summarize,  the  use  of  repeated  loadings  to  characterize 
granular  materials  is  a well-established,  generally  accepted  procedure. 

SUBGRADES 

The  thickness  of  the  PCC  surface  layer  and  the  properties  of  the 
subgrade  are  the  two  most  important  parameters  in  determining  the 
response  of  rigid  pavements  to  loads.  As  noted  previously,  subgrades 
are  generally  the  components  of  rigid  pavements  where  the  assumptions 
of  linearity  and  elasticity  are  least  valid.  The  subgrade  is  also  the 
pavement  component  that  is  most  affected  by  repeated  load  applications. 

Subgrades  may  be  divided  into  the  general  classes  of  cohesive 
and  cohesionless  soils.  The  majority  of  soils  possess  properties  of 
both,  but  in  a saturated  condition,  where  it  is  generally  appropriate 
to  characterize  subgrade  soils,  most  natural  subgrade  soils  behave 
primarily  sis  a cohesive  material.  Repeated  loading  affects  both  cohe- 
sive and  cohesionless  soils.  Cohesionless  sands,  gravels,  or  sand- 
gravel  combinations  will  respond  much  like  granular  bases  or  subbases. 
Cohesive  soils  are  more  sensitive  to  repeated  loadings.  The  resilient 
modulus  of  cohesive  subgrades  generally  increases  with  load  repetitions 
provided  the  level  of  stress  is  lower  than  that  required  to  initiate 
shear  failure.  However,  the  number  of  stress  repetitions  required 
before  a stable  condition  is  reached  may  be  greater  than  for  bound 
bases,  granular  bases,  or  co.he3ionless  subgrades. 

The  effects  of  repeated  loadings  on  the  response  of  cohesive 


subgrades  may  be  examined  by  studying  the  response  of  several  test  pave- 
ments. These  pavements  consisted  of  PCC  slabs  directly  on  a prepared 
clay  (CH)  subgrade  as  part  of  the  Multiple-Wheel  Heavy  Gear  Load  (MWHGL) 
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Pavement  Tests.  3 The  pavements  consisted  of  8-,  10- , 12- , and  lU-in.- 
thick  PCC  slabs  directly  on  the  prepared  clay  subgrade.  The  prepared 
clay  subgrade  (Figure  Al)  was  composed  of  two  processed  materials  (a 
clay  of  high  plasticity  and  one  of  low  plasticity)  and  a natural  mate- 
rial of  low  plasticity.  The  materials  were  placed  with  a moisture 
content  and  a density  that  result  in  a degree  of  saturation  near  100  per- 
cent. This  condition  remained  relatively  constant  as  the  pavements  were 
constructed  and  tested. 

Table  A 2 presents  the  results  from  static  plate  bearing  tests  on 
the  subgrade.  As  noted,  the  values  of  modulus  of  soil  reaction  from  the 
tests  conducted  after  traffic  are  larger  than  those  from  tests  conducted 
prior  to  slab  construction.  This  is  due  partly  to  the  compaction  effect 
of  traffic  and  partly  to  the  thixotropic  effect  as  the  clay  ages.  The 
same  type  patterns  are  apparent  from  the  results  of  plate  bearing  tests 
conducted  for  later  test  pavements  constructed  on  the  same  subgrade 
(Table  A 2). 

In  Table  A3,  additional  evidence  of  the  effects  of  repeated 
loading  and  the  modulus  of  soil  reaction  values  computed  from  both 
static  and  cyclic  plate  bearing  tests  are  illustrated.  Since  both 
tests  were  run  after  completion  of  traffic,  such  large  differences  were 
unexpected.  However,  removal  of  the  slab,  causing  a certain  amount  of 
disturbance  and  allowing  relaxation  of  stresses  within  the  soil,  may 
account  for  at  least  part  of  the  difference  between  the  static  and 
cyclic  response. 

The  difference  in  the  response  to  moving  wheel  loads  and  a 

cyclic  load  applied  at  one  location  on  the  pavement  may  account  for 

part  of  the  difference,  i.e.,  the  conditioning  or  stiffening  effects 

of  moving  wheel  loads  distributed  across  a pavement  are  different  from 
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tAie  effects  of  a cyclic  load  applied  at  one  location.  Ledbetter 
investigated  the  response  of  pavements  to  moving  loads  and  showed  that 
the  response  is  rather  complex  (especially  for  flexible  pavements). 

Cyclic  load  tests  conducted  in  test  pavements  at  the  WES  have  shown 
that  the  response  of  the  pavement  to  the  first  load  in  a series  of 
loadings  is  different  from  the  response  to  subsequent  loads  in  that 
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NATURAL  LOW  PLASTICITY  CLAY  (LOESS) 
MATERIAL  (CL) 


CONSTRUCT  ED  - 1 968  - MULTI  PLE  WHEEL  HEAVY  GEAR  LOAD  TESTS 

DEPTH  OF  PROCESSED  HIGH  PLASTICITY  CLAY  (CH)  WILL  VARY 
WITH  THICKNESS  OF  PAVEMENT  ABOVE.  TOTAL  DISTANCE  FROM 
TOP  OF  PAVEMENT  TO  NATURAL  UNPROCESSED  MATERIAL  IS 
144  IN. 

FOR  THE  KEYED  LONGITUDINAL  JOINT  STUDY  AND  THE  SOIL 
STABILIZATION  PAVEMENT  STUDY  THE  TOP  6 TO  12  IN.  OF  THE 
CH  MATERIAL  WAS  REPROCESSED  AND  MATERIAL  CUT  OR 
ADDED  AS  REQUIRED  TO  MEET  GRADE. 


Figure  Al.  Clay  subgrade  for  WES  rigid  test  pavements 


I 


■■HpBHpn 


Table  A 2 

Results  from  Plate  Bearing  and  Field  Density 
and  Moisture  Content  Tests 


Modulus  of  Soil 
Reaction,  pci 
Before  After 

Traffic  Traffic 


Dry  Density,  pcf 
Before  After 
Traffic  Traffic 


Moisture  Content 

percent 

Before  After 

Traffic  Traffic 


Multiple-Wheel  Heavy  Gear  Load  Study  (Reference  3; 


1 

1 

62 

151* 

86 

81+ 

32 

31+ 

2 

70 

91+ 

81+ 

83 

33 

3l+ 

3 

71+ 

87 

86 

83 

32 

35 

1+ 

71+ 

125 

86 

87 

32 

32 

Average 

70 

115 

85 

81+ 

32 

31+ 

Keyed  Longitudinal  Joint  Study  (Reference  38) 

1 70  — 85  — 31 

2 110  100  92  . 8l  28 

1+  1+7  — 86  — 30 

5 1+0  — 81  — 37 

Average  67  86  32 

Soil  Stabilization  Pavement  Study  (Reference  39 


1 

1+7 

180  & 

200 

86 

89 

32 

30 

2 

85 

118 

89 

— 

3l+ 

__ 

3 

81+ 

161+ 

87 

— 

32 

33 

1* 

1+0 

68 

86 

86 

33 

33 

5 

120  & 
ll+3 

““ 

87 

32 

Average 

61+ 

ll+2 

87 

88 

33 

32 

Over  till 
Average 

67 

129 

86 

85 

32 

33 

Table  A3 


Results  from  Cyclic  Plate  Bearing  Tests  - 
Multiple-Wheel  Heavy  Gear  Load  Study 


Item 

Cyclic  Modulus 
of  Soil* 
Reaction,  nci 

Static  Modulus 
of  Soil** 
Reaction,  pci 

Dry 

Density,  pcf 

Moisture 

Content 

percent 

1 

370 

169 

84 

33 

2 

270 

111 

85 

33 

3 

300 

115 

84 

33 

4 

320 

128 

88, 

32. 

Average 

318 

131 

85 

33 

* Modulus  of  soil  reaction  computed  with  10-psi  plate  pressure  after 
10  cycles  at  5-psi  and  10  cycles  at  10-psi  pressure. 

**  These  values  are  different  from  those  shown  in  Table  A 2 , since  the 
values  shown  in  Table  A2  are  the  average  of  several  tests  and  the 
values  shown  here  are  for  one  test  conducted  at  the  same  location 
as  the  cyclic  tests. 


series  even  though  the  pavement  may  have  sustained  considerable  traffic 
prior  to  the  tests.  This  indicates  that  the  conditioning  effect  of 
traffic  is  different  from  a cyclic  load  at  one  point.  There  may  also 
be  a time  factor  involved  wherein  a certain  amount  of  relaxation  occurs 
when  there  is  a rest  period  between  load  applications.  Certainly  the 
phenomena  of  pavement  response  and  material  characterization  are  not 
thoroughly  understood. 

Much  of  the  discussion  presented  thus  far  appears  to  be  tearing 
down  evidence  accumulated  to  Justify  the  use  of  repeated  load  tests  for 
characterizing  paving  materials.  However,  this  is  not  the  case  because 
the  response  of  a pavement  to  vehicle  loading  (Figure  l4  in  main  text) 
relates  well  with  the  response  computed  with  material  properties  ob- 
tained from  repeated  load  tests.  The  validity  of  the  use  of  repeated 
load  testing  for  cohesive  subgrades  can  be  illustrated  by  comparing 
vertical  slab  deflections  and  horizontal  bending  strains  in  the  PCC 
slabs  in  the  MWHGL  pavement  tests  with  corresponding  values  computed 
using  moduli  of  elasticity  values  computed  from  various  type  tests. 
Poisson's  ratio  of  the  clay  subgrade  was  assumed  as  O.U,  and  as  dis- 
cussed previously,  a stiff  layer  (E  = 1 x 10^  psi)  was  located  at  a 
depth  of  20  ft  in  the  elastic  layered  simulation. 

A composite  modulus  of  elasticity  for  the  subgrade  was  obtained 
from  the  static  and  the  cyclic  modulus  of  soil  reaction  values.  An 
average  value  was  used  for  all  four  pavements.  The  test  results  shown 
in  Tables  A2  and  A3  indicate  some  variability  within  the  test  section, 
but  this  was  probably  due  to  test  variability  and  natural  variability 
within  the  entire  test  section  rather  than  a real  difference  between 
individual  sections.  The  composite  modulus  of  elasticity  was  computed 
with  the  formula 


E = 19.8k 


(Al) 


where 

E = modulus  of  elasticity,  pBi 

k = modulus  of  soil  reaction  computed  by  dividing  plate  pressure 
by  plate  deflection,  pci 


Equation  Al^  is  derived  from  Boussinesq's  theory  for  Poisson's  ratio 
of  O.U  and  rigid  30-in. -diam  plate.  Application  of  Equation  A1  yields 
moduli  of  6300  psi  for  the  cyclic  tests  and  2300  psi  for  the  static 
tests  (after-traffic  plate  bearing  tests). 

Static  triaxial  and  unconfined  compression  tests  conducted  on 
undisturbed  samples  from  the  subgrade  yielded  moduli  of  1850  psi  for  the 
high-plasticity  clay  (CH)  and  1600  psi  for  the  low  plasticity  clay  (CL). 
Repeated  load  triaxial  tests  on  companion  samples  yielded  the  plots  of 
resilient  modulus  versus  deviator  stress  shown  in  Figures  A 2 and  A3. 

From  a composite  or  average  relationship  designated  by  the  heavy  dashed 
line  in  Figures  A2  and  A3,  moduli  of  7,500  psi  and  13,500  psi  were 
selected  for  the  high  plasticity  and  low  plasticity  clays,  respectively. 
These  were  selected  at  a deviator  stress  of  5 psi.  In  a triaxial  test, 
the  deviator  stress  is  defined  as  the  difference  between  the  applied 
axial  stress  and  the  confining  stress.  These  tests  were  run  on  material 
sampled  during  the  Soil  Stabilization  Pavement  Study  (SSPS),^  which  was 
conducted  several  years  after  the  MWHGL  tests.  However,  it  is  noted 
that  the  condition  of  the  material  was  similar  for  both  test  tracks. 
Table  A2  shows  the  results  of  plate  bearing  tests  conducted  before  and 
after  traffic  for  both  the  MWHGL  and  SSPS  tests,  as  well  as  for  the 

o Q 

Keyed  Longitudinal  Joint  Study  (KLJS),  which  was  conducted  between 
the  MWHGL  and  the  SSPS.  The  average  moduli  of  soil  reaction,  dry 
density,  and  moisture  contents  are  comparable. 

In  the  plots  of  measured  versus  computed  slab  deflections  (Fig- 
ures AU-A7),  the  computed  values  were  obtained  with  the  subgrade 
characterized  with  the  different  moduli.  In  addition  to  the  data 
points,  a line  of  equality  and  a least-square-regression  relationship 
constrained  through  the  origin  are  shown.  These  comparisons  indicate 
that  the  use  of  repeated  load  test  characterizations  results  in  under- 
prediction of  the  deflection  and  that  the  use  of  static  load  test 
characterizations  results  in  overprediction  of  the  deflection.  The 
computed  values  with  repeated  load  characterizations  relate  more 
closely  with  the  measured  values  (Figures  AU  and  a6).  The  correlation 
with  the  results  from  the  cyclic  plate  tests  produced  the  relationship 
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Figure  A2.  Resilient  modulus  versus  deviator  stress 
for  high  plasticity  clay 
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Figure  A3.  Resilient  modulus  versus  deviator  stress 
for  low  plasticity  clay 
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Figure  AU.  Comparison  of  measured  slab  deflection  and 
deflections  computed  with  the  subgrade  characterized 
with  cyclic  plate  bearing  tests 
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Figure  A6.  Comparison  of  measured  slab  deflection  and  deflections 
computed  with  the  subgrade  characterized  with  repeated  load  triaxial 
tests 
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closest  to  the  line  of  equality.  The  coefficient  from  the  linear 
regression  was  0.950  for  this  case. 

In  the  plots  of  measured  versus  computed  slab  bending  strains 
(Figures  A8-A11),  the  comparisons  indicate  that  the  use  of  repeated 
load  test  characterizations  results  in  regression  relationships  closer 
to  the  line  of  equality  than  the  use  of  static  load  tests.  The  use  of 
static  load  tests  results  in  overprediction  of  the  strains.  Once 
again,  the  use  of  the  characterization  with  a repeated  plate  bearing 
test  resulted  in  the  correlation  closest  to  the  line  of  equality.  The 
coefficient  from  the  linear  regression  was  1.023  for  this  case. 

The  position  of  the  regression  lines  relative  to  the  lines  of 
equality  is  interpreted  to  mean  that  the  repeated  load  tests  yield  more 
representative  characterizations  than  the  static  tests.  In  addition, 
it  appears  that  the  cyclic  plate  load  test  is  the  most  accurate  for  the 
particular  cases  compared.  Although  accuracy  of  prediction  of  pavement 
response  was  a major  factor,  other  factors  entered  into  the  final  selec- 
tion of  the  repeated  load  triaxial  tests  for  characterizing  subgrade 
soils . 

CONSIDERATION  OF  STATE  OF  STRESS 

EFFECTS  OF  STATE  OF  STRESS 

The  load  deformation  and  strength  characteristics  of  paving 
materials  and  subgrade  soils  are  dependent  on  the  state  of  stress  at 
which  they  exist.  For  this  discussion,  consider  that  the  materials  are 
linearly  elastic  and  that  the  magnitude  of  the  modulus  of  elasticity 
and  Poisson's  ratio  will  depend  on  the  state  of  stress. 

Certain  materials  are  more  sensitive  to  the  state  of  stress  at 
which  they  exist  in  the  pavements  than  are  others.  The  modulus  of 
granular  materials  has  been  related  to  confining  pressure  and  overall 
state  of  stress.  Two  such  relationships  are  illustrated  in  Figures  A12 
and  A13  for  two  granular  base  course  materials.  In  terns  of  strength, 
the  effect  of  confinement  may  be  explained  by  the  influence  of  the 
angle  of  internal  friction , as  defined  in  the  Mohr-Coulomb  failure 
theory.  The  fact  that  granular  materials  have  a relatively  large  angle 
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Figure  A8.  Comparison  of  measured  slab  bending  strain 
and  strains  computed  with  the  subgrade  characterized 
with  cyclic  plate  bearing  tests 
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Figure  A9.  Comparison  of  measured  slab  bending  strain  and  strains 
computed  with  the  subgrade  characterized  with  static  plate  bearing 
tests 
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MEASURED  SLAB  BENDING  STRAIN f Jl  IN. /IN. 

Figure  A10.  Comparisons  of  measured  slab  bending  strains  with  strains 
computed  with  the  subgrade  characterized  with  repeated  load  triaxial 
tests 
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Figure  All.  Comparison  of  measured  slab  bending  strains  with  strains 
computed  with  the  subgrade  characterized  with  static  triaxlal  tests 
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Figure  A12.  Resilient  modulus  data  for  gravelly  sand 
as  function  of  confining  pressure51 
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Figure  A13.  Resilient  modulus  data  for  dense  crushed 
limestone 51 


of  internal  friction  also  accounts  for  the  large  influence  of  confining 
stress  on  the  stiffness  of  granular  materials. 

Cohesive  soils,  in  a saturated  condition,  are  insensitive  to 
confining  pressure.  This  may  he  explained  hy  the  low  angle  of  internal 
friction.  However,  cohesive  soils  are  highly  sensitive  to  the  magnitude 
of  the  deviator  stress  applied  (Figures  A 2 and  A3). 

PCC  is  sensitive  to  the  state  of  stress,  but  the  magnitude  of 
the  stresses  at  which  the  effects  become  significant  is  much  larger 
than  exists  in  pavements.  Except  directly  beneath  a tire,  no  large 
vertical  or  confining  stress  exists  in  PCC.  The  stress  in  the  slabs 
is  due  primarily  to  bending,  and  a flexural  test  is  considered  the 
nest  appropriate  for  characterizing  PCC. 

The  effects  that  the  state  of  stress  has  on  the  properties  of  a 
bound  base  (subbase)  are  similar  in  certain  aspects  to  PCC  and  in  other 
aspects  to  the  natural  material  without  the  stabilizing  agent  added. 

The  relationship  that  exists  between  the  strength  and  load  deformation 
characteristics  will  depend  on  the  type  of  natural  material  (cohesive 
or  granular)  and  the  degree  of  stabilization  attained  (defined  as  the 
development  of  bond  between  particles  that  results  in  the  ability  of  the 
material  to  sustain  flexural  loading).  The  stresses  in  a bound  base 
(subbase)  sure  different  from  those  in  a PCC  slab,  which  are  essentially 
simple  bending,  and  different  from  those  in  a granular  base,  which 
cannot  sustain  tensile  stresses  of  any  appreciable  magnitude.  The 
predominate  stress  mode  is  bending,  but  a vertical  compressive  stress 
component  is  also  present.  However,  with  the  minimum  strength  require- 
ment employed  to  ensure  that  the  layer  behaves  as  a layer  of  bound  mate- 
rial, characterization  with  flexural  tests  is  considered  most 
appropriate. 

Selection  of  States  of  Stress.  Now  that  the  influence  of  the 
state  of  stress. on  the  properties  of  paving  materials  and  subgrade  soils 
has  been  established,  a practical  usable  procedure  for  accounting  for 
this  effect  is  needed.  As  so  often  happens,  a number  of  approximations 
of  actual  conditions  are  necessary. 

The  state  of  stress  in  a pavement  layer  or  subgrade  varies  with 


depth  and  with  horizontal  location.  The  exact  distribution  of  stresses 
vithin  a pavement  structure  will  depend  on  the  composition  of  the  struc- 
ture and  the  loading.  Figures  A1U-A19  show  examples  of  the  variability 
that  may  be  expected.  Pavement  structures  are  infinite  in  variety,  and 
loading  conditions  may  vary  widely;  however.  Figures  A14-A19  represent 
real  pavement  structures  and  loads.  The  general  trends  illustrated  in 
these  examples  are  representative  of  pavements  for  aircraft  operation. 

Interpretation  of  Figures  A1U-A19  and  subsequent  figures  requires 
a definition  of  terms  and  the  establishment  of  a sign  convention  for 
stresses.  The  sign  convention  used  herein  will  be  that  compressive 
stresses  are  positive  and  tensile  stresses  are  negative.  The  following 
terminology  and  relationships  are  established: 

= major  principal  stress 

= principal  stress  with  the  largest  numerical  value 
= minor  principal  stress 

= principal  stress  with  the  smallest  numerical  value 

o2  = intermediate  principal  stress 

= principal  stress  with  a numerical  value  between  the  major 
and  minor  principal  stress 

CTd  = °1  " °3 

= deviator  stress 

0 “ °1  + °2  + °3 

- first  stress  invariant 

The  definition  of  deviator  stress  is  consistent  with  the  definition 
previously  given  for  conditions  in  a triaxial  test. 

The  stresses  plotted  in  Figures  A1U-A19  were  computed  with  the 
elastic  layered  model.  The  material  properties  used  were  obtained  from 
a rather  extensive  testing  program.  However,  the  material  characteriza- 
tion would  not  reflect  precisely  the  influence  of  the  state  of  stress. 
Only  two  constants  are  used  for  each  material,  but  the  stresses  vary 
throughout  each  material.  The  validity  of  the  computed  stresses  then 
is  questionable  and  should  be  considered  only  cm  an  approximation.  One 
quickly  gets  into  a "vicious  cycle,"  and  the  futility  of  precise  mate- 
rial characterization  beccmes  apparent.  To  be  precise,  the  material 
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Figure  AlU.  Distribution  of  major  principal  stress  in  a rigid 
pavement  with  no  base  loaded  with  a dual-tandem  gear 
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Figure  A15.  Distribution  of  minor  principal  stress  in  a rigid 
pavement  with  no  base  loaded  with  a dual-tandem  gear 
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Figure  Al6. . Distribution  of  major  principal  stress  in  a rigid 
pavement  with  a granular  base  loaded  with  a dual-tandem  gear 
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Figure  AIT.  Distribution  of  minor  principal  stress  in  a rigid 
pavement  with  a granular  base  loaded  with  a dual— tandem  gear 
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Figure  Al8..  Distribution  of  major  principal  stress  in  a rigid 
pavement  with  a bound  base  loaded  with  a dual-tandem  loading 
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Figure  A19-  Distribution  of  minor  principal  stress  for  a rigid 
pavement  with  a bound  base  loaded  with  a dual-tandem  gear 


properties  would  have  to  be  a continuous  function  of  location  within  the 

i 

pavement  structure. 

For  the  following  discussion,  assume  that  the  stresses  are 
reasonable  approximations  of  the  stresses  that  would  actually  exist  in 
a real  pavement  loaded  with  a real  aircraft.  The  following  general 
observations  can  be  made: 

_a.  The  stresses  within  a rigid  pavement  structure  vary  with 
depth,  and  the  nature  of  the  variation  is  dependent  on  the 
composition  of  the  structure. 

b.  Stresses  in  the  vicinity  of  the  loads  are  fairly  constant. 

£.  Stresses  within  a pavement  structure  vary  with  horizontal 
location  as  well  as  with  depth. 

The  implications  of  these  general  observations  on  the  selection  of  the 
state  of  stress  at  which  to  characterize  paving  materials  and  subgrade 
soils  will  be  discussed  in  detail  in  the  following  paragraphs. 

Figures  A11+-A19  show  stress  distributions  with  depth  for  three 
rigid  pavements  (PCC  slab  directly  on  a clay  subgrade,  PCC  slab  on  a 
granular  base,  and  PCC  slab  on  a bound  base)  loaded  with  a dual-tandem 
aircraft  gear.  The  stresses  are  the  major  principal  stress  (essentially 
the  vertical  component  of  stress)  and  the  minor  principal  stress 
(essentially  one  of  the  horizontal  components  of  stress).  The  minor 
principal  stress  is  the  stress  that  will  result  in  the  maximum  difference 
when  subtracted  from  the  major  principal  stress.  Signs  of  the  stress 
are  considered  when  computing  the  deviator  stress  and  first  stress  in- 
variant. As  an  example,  if  the  principal  stresses  at  a point  were 
-12.0,  -9.82,  and  5.55  psi , the  major  principal  stress  would  be  5.55  psi 
and  the  minor  principal  stress  of  -12.0  psi  would  be  used  to  compute  a 
deviator  stress  of  17-5  psi.  However,  if  the  principal  stresses  were 
2.66,  2.79t  and  5.58  psi,  the  major  principal  stress  would  be  5*58  psi 
and  the  minor  principal  stress  of  2.66  psi  would  be  used  to  compute  a 
deviator  stress,  of  2.92  psi.  The  general  trends  illustrated  in  Fig- 
ures A1U-A19  are  that  the  major  principal  (vertical)  stress  decreases 
at  a ralher  slow  rate  with  depth  and  that  the  variation  in  the  minor 
principal  (horizontal)  stress  will  depend  on  the  composition  of  the 
pavement  structure. 


Figures  Al4  and  A15  show  distributions  for  a pavement  composed  of 
a PCC  slab  directly  on  a clay  subgrade.  The  stress  parameter  of  primary 
interest  for  characterizing  cohesive  soils  is  the  deviator  stress.  Com- 
bining the  distributions  in  Figures  AlU  and  A15  results  in  the  distribu- 
tion of  deviator  stress  in  Figure  A20.  Since  the  modulus  of  cohesive 
materials  varies  with  deviator  stress , the  modulus  of  the  clay  subgrade 
should  also  vary  with  depth.  However,  from  a practical  point  of  view, 
the  variability  is  not  really  that  great  and  the  change  is  rather 
gradual.  This  implies  that  characterization  at  a given  deviator  stress 
will  be  applicable  for  appreciable  depths  (i.e.,  5 psi  for  at  least 
5 ft  for  the  example  under  consideration).  The  same  type  patterns  were 
observed  in  the  subgrade  beneath  the  granular  and  bound  bases. 

Figures  Al6  and  A17  show  distributions  for  PCC  slabs  on  a 2l+-in.- 
thick  granular  base  over  the  clay  subgrade.  Of  interest  in  Figure  Al6 
is  the  fact  that  the  nature  of  the  distribution  and  magnitude  of  the 
stresses  are  about  the  same  as  in  Figure  Aik  for  the  PCC  slabs  directly 
on  the  clay  subgrade.  However,  the  minor  principal  stresses  in  the 
granular  base  (Figure  A17)  are  quite  different  from  the  stresses  in  the 
subgrade  (Figure  A15).  There  is  some  small  compressive  (confining) 
stress  at  the  top  of  the  granular  base  layer,  but  at  the  bottom,  the 
bending  action  has  resulted  in  tensile  stresses.  Although  the  tensile 
stresses  are  small,  granular  bases  are  normally  considered  incapable  of 
sustaining  tensile  stresses.  Part  of  this  effect  may  be  caused  by  the 
assumption  of  complete  continuity  at  the  interface  between  the  PCC  slab 
and  the  granular  base.  If  some  slip  were  permitted  at  the  interface 
(which  is  probably  what  actually  occurs),  the  compressive  stress  at  the 
top  of  the  layer  would  be  larger  and  the  tensile  stress  at  the  bottom 
of  the  layer  would  be  smaller.  This  is  illustrated  in  Figure  A21,  which 
shows  distributions  of  horizontal  stresses  for  the  case  where  the  PCC 
layer  is  free  to  slip  horizontally  relative  to  the  granular  base  layer 
and  the  case  where  there  is  complete  continuity  at  this  interface. 

These  horizontal  stresses  are  principal  stresses  since  they  are  located 
along  a line  through  the  center  of  a circular  loaded  area  where  the 
shear  stresses  are  zero.  For  comparative  purposes,  these  may  be  con- 
sidered equivalent  to  the  minor  principal  stresses  previously  discussed. 
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Figure  A21.  Horizontal  stress  distribution  illustrating  effect 
of  interface  condition  between  PCC  slab  and  granular  base 
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However,  for  the  case  of  a free  interface  condition,  the  horizontal 
(compressive)  stress  in  the  top  of  the  base  layer  may  be  greater  than 
the  vertical  (compressive)  stress  and,  thus,  will  be  the  major  principal 
stress. 

The  distributions  were  generated  with  the  CRANLAY  computer  code 
described  in  Reference  22.  Continuity  is  maintained  in  the  vertical 
direction  at  all  interfaces  at  all  times  and  in  the  horizontal  direction 
at  all  interfaces  other  than  the  one  case  previously  described.  Since 
granular  materials  are  highly  dependent  on  the  state  of  stress,  particu- 
larly the  confinement,  the  important  fact  is  that  there  is  a variation 
with  depth  for  both  interface  conditions. 

One  of  the  primary  stress  parameters  affecting  the  properties  of 
granular  materials  is  the  first  stress  invariant.  The  general  trend  is 
that  the  resilient  modulus  of  granular  materials  increases  as  the  first 
stress  invariant  increases.  In  Figure  A22,  the  first  stress  invariant, 
and  thus  the  resilient  modulus,  decreases  with  depth  through  the  granular 
base  course. 

Figures  Al8  and  A19  show  stress  distributions  for  a 10-in.  PCC 
slab  on  a 6-in.  bound  base  over  a clay  subgrade.  In  these  figures, 
note  that  the  distribution  of  major  principal  stress  is  about  the  same 
as  that  in  Figures  All+  and  Al6  and  that  the  minor  principal  stress  is 
tensile  throughout  the  entire  depth  of  the  bound  base. 

The  magnitude  of  the  stresses  shown  was  influenced  by  the  assump- 
tion of  full  continuity  at  the  PCC  slab-bound  base  interface  and  the 
ratio  of  the  moduli  of  the  PCC  slab  and  the  bound  base  material.  Fig- 
ure A23  illustrates  the  effect  of  interface  condition  in  the  horizontal 
stress.  The  effect  of  horizontal  slip  at  the  interface  between  the  PCC 
slab  and  the  bound  base  layer  is  to  reduce  the  tensile  stresses  in  the 
bound  base  layer.  When  horizontal  slip  is  permitted  at  this  interface, 
the  two  layers  respond  as  separate  slabs.  The  stresses  in  the  top  of 
the  bound  base  layer  are  compressive  and  may  be  larger  than  the  vertical 
component . When  full  continuity  is  assumed  at  the  interface,  the  PCC 
and  bound  base  layers  tend  to  function  as  a composite  beam  and  the 
stresses  in  the  top  of  the  bound  base  layer  ate  tensile. 
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HORIZONTAL  STRESS,  PSI  (TANGENTIAL  AND  RADIAL) 


Figure  A23.  Horizontal  stress  distribution  illustrating  effect 
of  interface  condition  between  PCC  slab  and  bound  base 
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Figure  A2U  shows  the  effect  of  the  modulus  ratio  between  the  PCC 
slab  and  the  base  material.  The  smaller  the  ratio  the  more  pronounced 
the  bending.  For  full  continuity,  this  means  larger  tensile  stresses 
in  the  top  of  the  base  course. 

From  the  standpoint  of  material  characterization , the  important 
fact  is  that  the  deformation  pattern  in  the  bound  base  course  is 
basically  the  same  for  free  or  fully  continuous  interface  conditions 
and  for  a range  of  modulus  ratios.  This  basic  pattern  of  deformation, 
bending,  is  illustrated  in  Figure  A25,  which  shows  the  variation  of  the 
first  stress  invariant.  Implications  are  that  a flexural  test  is 
appropriate  for  testing  bound  base  material. 

The  effects  of  gear  configuration  on  stresses  within  a rigid 
pavement  may  be  studied  by  comparing  Figures  A26-A29  with  Figures  Al6 
and  A17-  These  six  figures  are  for  the  pavement  containing  the  granular 
base,  but  Figures  A26  and  A27  are  for  a dual-wheel  load  and  Figures  A28 
and  A29  are  for  one  of  the  four  C-5A  gears,  which  contain  six  wheels. 

The  dual-wheel  load  is  the  same  as  two  of  the  tires  of  the  dual-tandem. 
The  basic  patterns  and  even  the  actual  magnitudes  of  the  stresses  are 
similar.  The  implication  of  these  comparisons  is  that  for  practical 
purposes,  the  gear  configuration  is  not  a major  factor  in  determining 
the  distribution  of  stress  with  depth  in  a rigid  pavement. 

The  second  general  observation  made  was  that  the  stresses  in  the 
vicinity  of  the  loads  on  any  horizontal  plane  are  fairly  constant.  This 
is  illustrated  by  the  proximity  of  the  curves,  even  for  the  C-5A  gear 
(Figures  A 28  and  A29)  that  is  composed  of  six  widely  spaced  wheels.  The 
relatively  large  stiffness  of  the  PCC  slab  is  primarily  responsible  for 
this.  Compared  with  a flexible  pavement,  the  load  is  distributed  uni- 
formly to  the  underlying  material  over  a large  area.  The  implication 
of  this  is  that  selection  of  the  state  of  stress  at  which  to  test  mate- 
rial for  rigid  pavement  design  is  not  as  critical  as  one  might  determine 
from  a study  of  the  overall  sensitivity  of  the  material  properties  to 
the  state  of  stress. 

The  third  general  observation  is  related  to  the  second.  Although 
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FIRST  STRESS  INVARIANT,  PSI 


NOTE: 
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Figure  A25.  Distribution  of  the  first  stress  invariant  for  a rigid 
pavement  with  a bound  base  loaded  vith  a dual-tandem  gear 
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Figure  A 26.  Distribution  of  major  principal  stress  in  a rigid 
pavement  with  a granular  base  loaded  with  a dual-vheel  gear 


MINOR  PRINCIPAL  STRESS,  PSI 
TENSION « — (—►COMPRESSION 


4 2 0 2 4 


CONTACT  PRESSURE  = 200  PSI 
RAOIUS  OF  LOADED  AREA  =8.(3" 


Figure  A27.  Distribution  of  minor  principal  stress  in  a rigid 
pavement  vith  a granular  layer  loaded  with  a dual-wheel  gear 
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the  stresses  in  a pavement  at  a particular  depth  may  be  relatively  con- 
stant in  the  vicinity  of  the  loads,  they  will  decrease  as  the  distance 
from  the  load  increases.  Examples  of  this  are  shown  as  plots  of  major 
and  minor  principal  stress  versus  horizontal  location  for  the  pavement 
with  the  granular  base  loaded  with  the  C-5A  gear  in  Figures  A30  and  A31. 
The  rate  at  which  the  stresses  decrease  will  be  largely  dependent  on  the 
thickness  of  the  PCC  slab,  but  implications  are  that  the  properties  of 
a material  that  are  sensitive  to  the  state  of  stress  will  vary  as  a 
moving  load  passes  a given  point  on  the  pavement. 

The  effects  of  the  assumptions  of  full  continuity  at  layer  inter- 
faces and  the  modulus  ratio  of  PCC  and  base  course  materials  on  the 
stresses  within  the  pavement  have  bean  mentioned  previously.  The 
major  principal  stress  (vertical  stress)  is  not  affected  to  any  great 
extent  by  a base  course.  The  shape  and  the  magnitude  of  the  stress 
distributions  in  Figures  AlU,  Al6,  and  Al8  are  similar. 

Figure  A32  illustrates  the  effect  of  the  interface  condition 
between  the  PCC  slab  and  the  adjacent  material.  In  this  particular 
illustration,  the  base  course  has  properties  of  a bound  material,  and 
the  stresses  in  the  upper  part  of  the  base  course  are  different  for  the 
fixed  and  free  conditions.  Within  the  subgrade,  the  stresses  are 
similar.  This  is  the  general  pattern  for  all  types  of  pavements.  Due 
to  the  magnitude  of  the  stresses  relative  to  the  compressive  strength 
and  deformation  characteristics  of  paving  materials,  the  difference  is 
not  considered  significant.  The  minor  principal  stress  (horizontal 
stress)  is  significantly  affected  by  the  modulus  ratio  between  the  PCC 
slab  and  the  adjacent  material,  as  shown  by  comparing  the  stresses 
beneath  the  PCC  slab  in  Figures  A15 , A17,  and  A19.  Also,  Figures  A21 
and  A23  illustrate  the  effects  of  the  interface  condition  on  the  minor 
principal  stress  (horizontal  stress). 

The  ratio  of  the  thicknesses  of  the  PCC  slab  and  the  base  course 
will  also  affect  the  stresses  in  the  base  course.  In  general,  the 
smaller  the  thickness  ratio,  the  more  pronounced  the  bending.  With 
full  continuity  between  the  PCC  slabs  and  the  second  layer,  the  second 
layer  will  function  in  conjunction  with  the  PCC  slab  as  a composite  beam 


Figure  A30.  Variation  of  major  principal  stress  at  the  top  of  the  granular  base 
and  at  the  top  of  the  subgrade 


VERTICAL  STRESS,  PSI  (COMPRESSION) 


Figure  A32.  Vertical  stress  distribution  illustrating  effect 
of  interface  condition  between  PCC  slab  and  base 
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to  distribute  the  load  over  a wider  area  and  to  reduce  the  curvature, 
thereby  increasing  the  possibility  of  tensile  stress  in  the  top  of  the 
second  layer.  This  may  be  illustrated  by  comparing  the  stresses  in 
Figures  A17  and  A19.  However,  the  difference  in  moduli  of  the  base 
course  materials  also  contributed  to  the  differences  in  the  distributions. 
If  the  interface  were  completely  frictionless,  the  two  layers  would 
respond  as  separate  layers  and  compression  would  exist  in  the  top  of 
the  second  layer  (Figure  A23). 

From  a practical  standpoint,  there  is  not  much  that  can  be  done 
to  improve  the  representation  of  layer  interface  conditions.  Although 
more  complicated  computational  models  are  available  that  permit  any 
degree  of  continuity  at  the  interfaces,  no  definitive  data  exist  to 
accurately  quantify  interface  conditions.  The  conditions  will  probably 
be  intermediate  between  full  continuity  and  fully  frictionless.  In 
terms  of  material  characterization,  the  difference  may  not  be  as  impor- 
tant as  it  appears.  For  instance,  if  a completely  frictionless  inter- 
face were  used  between  the  PCC  layer  and  the  bound  base,  the  stress  in 
the  top  of  the  bound  base  would  be  compressive  rather  than  tensile 
(Figure  A19).  However,  the  stresses  in  the  bottom  of  the  layer  would 
be  tensile,  and  the  basic  loading  mode  would  still  be  bending. 

To  summarize  this  section  on  selection  of  states  of  stress,  it 
can  be  stated  that  the  stresses  for  a pavement  vary  with  vertical 
location,  or  for  a fixed  location  the  state  of  stress  will  vary  as  a 
moving  load  passes.  Results  from  the  elastic  layered  model  are  only 
approximations,  but  the  general  response  patterns  are  correct  and  the 
approximations  are  reasonable.  Based  on  these  observations,  the  proce- 
dures employed  to  select  a state  of  stress  for  characterizing  paving 
materials  and  subgrades  will  be  to  select  a value  of  the  critical 
response  parameter  that  will  be  representative  for  a practical  range 
of  conditions. 

Portland  Cement  Concrete.  In  rigid  pavements,  PCC  and  bound 
bases  experience  flexural  loading.  Certainly,  this  is  two-dimensional 
loading  and  is  more  complex  than  that  experienced  by  a simply  supported 
beam  that  has  been  selected  to  characterize  these  materials.  However, 
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of  the  types  of  tests  available,  the  flexural  tests  were  considered  the 
most  practical  and  usable. 

There  are  several  discrepancies  between  the  state  of  stress  in  a 
PCC  slab  or  a bound  base  layer  and  a simply  supported  beam  that  is 
tested  to  characterize  the  material.  In  a beam,  a plane  stress  condition 
exists,  whereas  in  a pavement  slab,  the  stresses  are  three-dimensional 
(if  the  vertical  stresses  are  considered).  Certainly,  the  horizontal 
components  of  stress  due  to  the  bending  are  the  largest  components  of 
stress,  but  the  vertical  support  provided  by  the  underlying  material 
affects  the  response  of  the  slabs.  Forrest,  Katona,  and  Griffin,^1 
recognizing  that  the  conditions  in  a slab  are  different  from  those  in 
a beam,  have  suggested  a series  of  tests  to  better  define  these  dif- 
ferences. Because  of  differences  in  the  deformed  shape  of  slabs,  they 
suggest  that  strain  in  the  slab  rather  than  stress  may  be  the  critical 
parameter.  Nevertheless,  the  use  of  a flexural  test  on  a simply  sup- 
ported unconfined  beam  loaded  with  essentially  point  loads  was  con- 
sidered adequate  for  determining  the  modulus  of  elasticity  and  strength 
of  PCC. 

Bound  Bases  (Subbases).  The  same  type  test  is  used  to  charac- 
terize bound  bases,  although  the  conditions  may  be  less  representative 
than  for  PCC  slabs.  The  vertical  stresses  will  be  distributed  over  the 
top  and  bottom  of  the  layer,  rather  than  just  on  the  bottom  as  it  is 
for  the  PCC  surface  layer.  Certainly,  stresses  in  the  bound  layer  will 
be  different  from  those  in  a simply  supported  beam  loaded  with  essen- 
tially point  loads.  The  shape  the  bound  base  layer  takes  may  also  be 
much  different.  In  a simply  supported  beam,  there  will  be  compressive 
bending  stresses  in  the  top  of  the  beam,  but  in  the  bound  base  layer, 
there  may  be  tensile  stresses  throughout  the  layer.  This  results  from 
the  composite  action  of  the  PCC  slab  and  base  (Figures  A19  and  A25). 

The  magnitude  of  the  stresses  will  depend  on  the  bond  between  the  PCC 
and  bound  base  layers  and  the  modulus  ratios  between  the  two  layers. 
However,  the  general  trend  is  that  the  loaded  and  support  conditions 
result  in  stress  conditions  different  from  those  for  a simply  supported 
beam. 
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For  the  test  pavements  (described  in  Appendix  B)  that  have  con- 
tained bound  base  layers,  there  is  no  apparent  relationship  between  the 
state  of  stress  and  the  traffic  that  the  pavement  will  sustain.  Fig- 
ure A33  shows  a plot  of  minor  principal  stress  directly  below  the  PCC 
slabs  versus  the  traffic  level  at  failure,  and  Figure  A3*+  shows  the 
minimum  first  stress  invariant  plotted  versus  the  traffic  level  at 
failure  in  the  layer  directly  beneath  the  PCC  slab  for  the  test  pave- 
ments described  in  Appendix  B.  In  the  pavements  with  no  base,  the 
stress  would  be  in  the  top  of  the  subgrade,  and  in  the  pavements  with 
bases  (bound  or  granular),  the  stress  would  be  in  the  top  of  the  base 
layer.  The  open  circles  are  for  pavements  with  bound  bases,  and  no 
relationship  with  traffic  is  apparent  in  either  figure. 

Another  interesting  aspect  of  Figures  A33  and  A31*  is  the  dif- 
ference between  the  pavements  with  bound  bases  and  those  with  granular 
or  no  bases.  The  stresses  were  computed  with  layered  elastic  theory 
that  assumes  full  continuity  between  layers.  The  moduli  for  the  bound 
base  materials  were  larger  than  those  for  the  granular  base  materials, 
which  were  in  turn  larger  than  the  subgrade.  The  three  distinct 
groupings  of  data  are  thought  to  be  a result  of  the  effects  of  the 
assumption  of  full  continuity  and  modulus  ratio  between  the  PCC  and 
the  second  material.  Nevertheless,  the  general  trend,  indicating  that 
the  basic  loading  mode  in  the  bound  base  layer  was  flexural,  is  valid. 
This  is  indicated  by  the  fact  that  the  minor  principal  stresses  (hori- 
zontal stress  essentially)  and  the  first  stress  invariants  are  both 
tensile,  whereas  for  the  pavements  with  no  base  or  granular  bases,  the 
values  are  compressive.  This  condition  is  representative  for  a large 
area  in  the  base  layer  since  the  average  values  for  the  several  compu- 
tational points  (as  illustrated  on  the  sketches  in  Figures  A1U-A29) 
are  approximately  equal  to  the  minimum,  or  maximum,  as  the  case  may 
be,  value.  As  an  example,  consider  the  six  pavements  with  bound 
bases.  If  the  minimum  first  stress  invariant  is  selected  from  the 
stresses  computed  at  the  locations  shown  in  Figures  A1U-A29 , then 
the  average  of  these  values  is  -17.71  psi ; whereas,  if  values  from  all 
computational  points  are  used,  the  average  is  -16.12  psi.  For  the  minor 
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MINIMUM  PRINCIPAL  COMPRESSIVE  OR  MAXIMUM 
PRINCIPAL  TENSILE  STRESS.  PSl 


TRAFFIC  AT  FAILURE.  COVERAGES 

Figure  A33*  Minimum  minor  principal  stress  directly  beneath 
the  PCC  slab  versus  traffic  to  failure 


Figure  A31*.  Minimum  first  stress  invariant  directly  beneath 
the  PCC  slab  versus  traffic  to  failure 
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principal  stress,  the  average  of  the  minimum  values  is  -15. 8l  psi,  and 
the  average  of  all  values  is  -13-32  psi. 

The  references  to  minimum  values  of  minor  principal  stress  and 
first  stress  invariant  are  not  actually  correct.  These  stresses  should 
he  referred  to  as  the  minimum  values  within  the  area  bounded  by  the  wheel 
loads  of  a gear.  Stresses  were  computed  at  the  locations  shown  in 
Figures  A1U-A29.  The  minimum  values  referred  to  herein  are  the  minimum 
of  the  stresses  computed  at  the  horizontal  locations  indicated  in  Fig- 
ures A1U-A29.  At  points  some  distance  from  the  gear,  stresses  may  be 
smaller  than  indicated;  however,  maximum  values  of  principal  stress, 
deviator  stress,  and  first  stress  invariant  computed  at  the  indicated 
locations  will  be  the  maximum  (or  very  close  to  the  maximum)  that  will 
occur  at  the  particular  depth  within  the  pavement. 

The  vertical  stress,  which  is  essentially  equal  to  the  major 
principal  stress,  appears  to  be  only  slightly  larger  for  bound  bases 
than  for  pavements  with  no  bases  or  granular  bases.  There  also  appears 
to  be  no  definite  relationship  between  this  stress  component  and  traf- 
fic. Figure  A35  shows  the  maximum  major  principal  stress  directly 
beneath  the  PCC  slab  plotted  versus  traffic  for  the  test  pavements 
described  in  Appendix  B.  The  open  circles  are  for  pavements  with  bound 
base  layers.  The  average  of  the  maximum  values  of  the  major  principal 
stress  for  the  bound  bases  is  10. Uo  psi,  for  the  granular  base  6.87  psi, 
and  for  the  subgrade  6.15  psi.  This  is  fairly  representative  of  the 
area  beneath  the  gears  since  the  corresponding  average  of  all  values 
computed  for  bound  bases  was  7.5*+  psi  as  compared  with  10.1*0  psi  for 
the  average  of  the  maximum  values. 

The  absolute  magnitudes  of  the  compressive  stresses  in  the  bound 
base  layers  are  less  than  the  tensile  stresses.  Implications  are  that 
the  flexural  tests  are  more  appropriate  for  bound  bases  than  a compres- 
sion test. 

A simply  supported  unconfined  beam  loaded  at  the  third  point  with 
essentially  point  loads  is  recommended  for  PCC  and  bound  bases  (sub- 
bases). For  PCC,  the  beam  is  loaded  to  failure  to  determine  the 
flexural  strength,  and  the  modulus  of  elasticity  is  computed  from  the 
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slope  of  the  straight-line  portion  of  the  loeui-deflection  curve.  For 
chemically  stabilized  hound  bases,  the  ultimate  load,  is  determined, 
loads  of  0.4,  0.6,  and  0.8  times  the  ultimate  load  are  applied  repeti- 
tively, and  the  modulus  is  computed  from  the  load-deflection  curves. 

The  modulus  used  should  be  the  average  of  that  obtained  for  the  three 
loadings.  For  bituminous-stabilized  materials , the  definition  of  an 
ultimate  load  will  be  dependent  on  the  rate  of  application  of  load  and 
the  temperature.  Several  loads  should  be  selected  that  will  result  in 
stresses  in  the  outer  fibers  of  the  beam,  which  are  less  than  the  values 
shown  in  Table  AU.  One  test  should  be  conducted  at  about  50  psi. 

Table  A4 

Recommended  Maximum  Stress  Levels  at  Which  to  Test 
Bituminous-Stabilized  Materials 


Temperature  Maximum  Stress  Level  in 

Range.  °F  Extreme  Fibers,  psi 

40-60  450 

60-80  300 

80-100  200 


Granular  Bases  (Subbases).  Load-deformation  properties  of 
granular  base  material  are  highly  sensitive  to  the  state  of  stress. 
Unfortunately,  the  state  of  stress  within  a granular  base  layer  is  also 
highly  variable,  which  makes  selection  of  representative  conditions 
difficult.  Figures  Al6,  A17,  A22,  and  A26-A29  illustrate  the  distribu- 
tion of  stress  within  a granular  layer. 

Triaxial  compression  tests  will  be  used  to  characterize  granular 
materials.  The  two  parameters  that  significantly  affect  the  load- 
deformation  properties  of  granular  materials  are  the  confining  pressure 
and  the  first  stress  invariant.  A measure  of  the  minimum  confinement  is 
the  minor  principal  stress  plotted  in  Figures  A17,  A22,  A27,  and  A29* 

The  compressive  values  at  the  top  of  the  layer  are  low,  and  the  tensile 
values  are  at  the  bottom  of  the  layer.  The  magnitudes  of  these  stresses 
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are  affected  by  the  assumption  of  full  continuity  at  the  interface  be- 
tween the  PCC  slab  and  the  granular  layer.  For  real  conditions  where 
some  slip  is  permitted,  the  confinement  would  probably  be  somewhat 
greater  than  indicated.  The  inability  of  the  material  to  sustain 
tensile  stresses  should  also  contribute  to  a buildup  of  confinement 
by  a redistribution  of  stresses. 

Additional  factors  not  accounted  for  in  the  stress  computations 
are  overburden  stresses  and  residual  horizontal  stresses,  induced  during 
compaction,  which  remain  in  the  material.  The  effect  of  these  stresses 
would  be  to  increase  the  confinement  on  the  material.  There  are  also 
equipment  limitations  and  lack  of  precision  when  testing  at  low  stress 
levels.  As  a result,  the  states  of  stress  selected  for  characterizing 
granular  materials  will  be  somewhat  different  from  those  indicated  by 
the  computed  values  of  load-induced  stresses. 

The  open  triangles  in  Figure  A33  are  for  pavements  with  granular 
bases  and  thus  represent  the  stress  at  the  top  of  the  granular  layer. 
There  is  no  apparent  relationship  with  traffic,  but  only  a limited  range 
of  traffic  is  available.  The  values  are  low,  indicating  low  confinement. 
For  the  pavements  with  granular  bases , the  average  of  the  minimum  values 
was  only  0.38  psi  (the  average  of  all  computed  values  was  0.50  psi, 
indicating  relatively  uniform  conditions  in  the  vicinity  of  the  load). 

The  effects  of  the  modulus  ratio  between  the  PCC  slab  and  the  material 
directly  beneath  the  slab  is  illustrated  by  the  three  groupings  of  the 
points  in  Figure  A33,  i.e.,  groups  for  pavements  with  bound  bases,  with 
granular  bases,  and  with  no  bases.  The  larger  the  modulus  ratio,  the 
larger  the  confinement. 

The  open  triangles  in  Figure  A3b  are  data  points  for  pavements 
with  granular  bases.  The  trends  are  the  same  as  previously  discussed 
for  the  minor  principal  stress,  i.e.,  no  relationship  with  traffic, 
three  distinct  groups  of  data,  effects  of  modulus  ratio,  and  uniformity 
beneath  loads.  The  average  of  the  computed  minimum  values  is  5-96  psi, 
and  the  average  of  all  computed  values  is  7.33  psi. 

Figure  A35  shows  a plot  of  maximum  major  principal  (essentially 
vertical)  stress  versus  traffic.  For  the  pavements  with  granular  bases, 
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there  is  no  apparent  relationship  with  traffic.  In  addition,  there  is 
not  much  difference  between  the  three  types  of  sections,  although  the 
points  for  bound  bases,  denoted  by  the  open  circles,  are  higher  than  for 
the  other  two  conditions.  The  average  of  the  maximum  values  of  major 
principal  stress  for  the  pavements  with  no  base  was  6.15  psi,  for  pave- 
ments with  granular  base  6.87  psi,  and  for  pavements  with  bound  bases 
10. Uo  psi. 

For  characterizing  granular  bases,  triaxial  compression  tests 
should  be  conducted  at  confining  pressures  of  2,  4,  6,  and  10  psi. 

Axial  stresses  should  be  applied  that  result  in  ratios  with  confining 
stresses  (c^/o^)  of  2,  3,  4,  and  5.  Plots  of  resilient  modulus  versus 
first  stress  invariant,  similar  to  the  plot  shown  in  Figure  A28,  should 
be  prepared  and  an  average  relationship  established.  From  this  rela- 
tionship, a value  of  resilient  modulus  at  a first  stress  invariant  of 
10  psi  should  be  selected. 

No  well-defined  relationships  exist  for  Poisson's  ratio.  How- 
ever, plots  of  Poisson's  ratio  versus  ratio  of  axial  to  confining  stress 
(o^/a^)  should  be  made,  and  representative  values  selected. 

SUBGRADE  SOILS 

Subgrade  soils  beneath  rigid  pavements  are  subjected  primarily  to 
compressive  stresses.  Figures  A14-A19  illustrate  the  distribution  of 
major  and  minor  principal  stresses  in  the  sub^rade  of  rigid  pavements 
with  no  base,  with  a granular  base  layer,  and  with  a bound  base  layer. 
The  stresses  within  the  subgrade  are  always  compressive. 

Cohesive  soils,  which  will  be  the  predominate  type  encountered, 
are  sensitive  to  the  deviator  stress,  i.e.,  the  difference  between  the 
major  and  minor  principal  stress.  Figure  A20  contains  distributions  of 
deviator  stress  with  depth  for  a PCC  slab  directly  on  a subgrade  loaded 
with  a dual-tandem  gear.  Differences  between  the  major  (Figures  Al6  and 
Al8)  and  the  minor  principal  stresses  (Figures  A17  and  A19)  in  the  sub- 
grade for  pavements  with  granular  and  bound  bases  are  similar  to  those 
shown  in  Figure  A20. 

Cohesionless  subgrade  soils  are  similar  to  granular  base  material 


in  that  they  will  he  sensitive  to  the  confining  stress  and  the  toted 
state  of  stress  as  represented  by  the  first  stress  invariant.  Fig- 
ures A15,  A17,  A19,  A27»  and  A 29  show  distributions  of  the  minor  princi- 
pal stress  in  the  subgrade  for  the  three  types  of  pavements  considered. 
Considering  that  the  loads  are  applied  vertically  and  that  the  major 
principal  stresses  act  essentially  in  the  vertical  direction,  the  minor 
principal  stresses  that  act  essentially  in  the  horizontal  direction  are 
confining  stresses.  Within  the  subgrade,  the  values  are  always  com- 
pressive but  are  small  in  magnitude.  Distribution  of  the  first  stress 
invariant  is  shown  in  Figures  A22  and  A25,  respectively,  for  the  pave- 
ments with  granular  and  bound  bases.  Within  the  subgrade,  the  values 
of  the  first  stress  invariant  indicate  that  the  loading  is  essentially 
compressive. 

The  distributions  shown  were  computed  with  material  properties  of 
the  subgrade  obtained  from  tests  on  the  cohesive  subgrade  soils.  The 
modulus  of  elasticity  would  probably  be  higher  for  cohesionless  soils 
than  for  cohesive  soils,  and  the  Poisson's  ratio  would  be  lower.  How- 
ever, the  general  trends  illustrated  by  the  computations,  i.e.,  low 
compressive  confining  stresses  and  compressive  first  stress  invariants, 
should  be  applicable  to  cohesionless  subgrade  soils. 

Triaxial  compression  tests  will  be  used  to  characterize  subgrade 
soils.  The  deviator  stress  in  the  triaxial  tests  will  be  the  difference 
between  axial  stress  applied  to  the  specimen  and  the  confining  pressure 
in  the  triaxial  chamber.  For  cohesive  soils,  this  should  approximate 
as  closely  as  possible  conditions  in  the  subgrade.  The  maximum  de- 
viator stress  is  considered  appropriate  for  characterizing  cohesive 
materials,  since  the  general  trends  indicated  in  Figures  A2  and  A3  have 
been  found  to  hold  for  a wide  range  of  materials,  i.e.,  the  resilient 
modulus  decreases  as  deviator  stress  increases. 

The  maximum  deviator  stress  at  the  top  of  the  subgrade  versus  the 
traffic  to  failure  in  Figure  A36  applies  to  the  test  pavements  described 
in  Appendix  B.  There  are  no  apparent  relationships  with  traffic  and  no 
easily  discernible  differences  between  pavements  without  bases,  with 
granular  bases,  or  with  bound  bases.  The  average  value  for  pavements 


TRAFFIC  AT  FAILURE,  COVERAGES 


•without  bases  is  3.69  pel,  with  granular  bases,  3.79  psi,  and  with  bound 
bases,  3.W>  psi;  the  overall  average  is  3.70  psi.  Stresses  due  to  the 
overburden  and  residual  stresses  remaining  after  compaction  were  not 
considered  in  the  computation  of  these  stresses. 

For  characterizing  cohesive  materials,  the  triaxial  tests  should 
be  conducted  at  a range  of  stress  conditions  and  a composite  curve 
established  in  Figures  A2  and  A3.  Tests  should  be  conducted  at  confining 
stresses  of  2,  4,  and  6 psi,  and  at  axial  stresses  applied  that  will 
result  in  a range  of  deviator  stress  from  about  2 to  l6  psi . From  the 
composite  curve,  the  resilient  modulus  used  to  represent  the  material 
should  be  selected  at  a deviator  stress  of  5 psi.  No  well-defined 
relationships  exist  for  Poisson's  ratio,  but  similar-  plots  should  be1 
made  and  a representative  value  selected. 

For  cohesionless  soils,  the  confining  stress  in  the  triaxial  \ 
tests  should  approximate  conditions  in  the  subgrade.  The  minor  princi- 
pal stress  in  the  subgrade  is  a measure  of  the  confinement.  For  cohe- 
sionless subgrade  soils,  it  is  considered  appropriate  to  select 
properties  at  minimum  values  of  the  first  stress  invariant  and  confining 
stress,  since  the  general  trends  illustrated  in  Figures  A12  and  A13 
are  applicable  for  cohesionless  subgrade  soils,  i.e.,  as  the  confining 
stress  and  the  first  stress  invariant  decreases,  the  resilient  modulus 
decreases. 

The  minor  principal  stress  and  minimum  first  stress  invariant  at 
the  top  of  the  subgrade  versus  the  traffic  to  failure  in  Figures  A37  and 
A38,  respectively,  apply  to  the  test  pavements  described  in  Appendix  B. 

As  previously  noted,  these  are  the  minimum  values  in  1 he  vicinity  of  the 
load  or  loads,  and  smaller  values  (in  fact,  zero)  will  exist  at  loca- 
tions far  removed  from  the  loads.  There  are  no  obvious  relationships 
with  traffic  for  either  of  the  parameters.  There  are  some  apparent 
differences  in  the  stresses  for  the  different  type  pavements.  The 
average  of  the  minor  principal  stress  at  the  top  of  the  subgrade  is 
1.99  psi  for  pavements  with  no  base,  1.25  psi  for  pavements  with 
granular  bases,  and  2.5k  psi  for  pavements  with  bound  bases.  The  over- 
all average  is  1.82  psi.  The  average  of  the  minimum  first  stress 
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invariant  at  the  top  of  the  subgrade  is  9.27  psi  for  no  base,  6.59  psi 
for  granular  bases,  and  11.15  psi  for  bound  base.  The  overall  average 
is  8.63  psi.  Stresses  due  to  the  overburden  and  residual  stresses  that 
may  exist  in  the  subgrade  due  to  the  compaction  process  were  not  con- 
sidered in  the  computation  of  these  stresses.  The  effect  of  these 
stresses  on  material  characterization  would  be  to  increase  the  con- 
finement and  the  first  stress  invariant. 

Basically,  the  same  stresses  should  be  used  in  the  triaxial 
tests  for  characterizing  cohesionless  material  as  are  used  for  granular 
bases.  Confining  pressures  of  2,  U,  6,  and  10  psi  and  axial  stresses 
that  result  in  principal  stress  ratios  (cr^/a^)  of  2,  3,  *+,  and  5 should 
be  applied.  From  the  average  relationship  of  resilient  modulus  versus 
first  stress  invariant , a representative  modulus  value  should  be  se- 
lected at  a first  stress  invariant  of  10  psi.  A representative  value 
of  Poisson's  ratio  should  be  selected  from  a composite  plot  of  Poisson's 
ratio  versus  principal  stress  ratio. 

SUMMARY  FOR  CHARACTERIZING  MATERIALS 

It  is  recommended  that  modulus  of  elasticity  and  flexural  strength 

of  PCC  be  determined  from  static  flexural  tests  of  beams  having  a cross- 

sectional  area  of  6 by  6 in.  The  recommended  procedures  are  widely 

accepted  and  extensively  used  for  determining  the  properties  of  PCC. 

The  test  procedure  for  determining  flexural  strength  is  ASTM  Standard 
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Method  of  Test  C 78-75.  This  test  is  also  designated  CRD-C  16-66  in 
the  CE  Handbook  for  Concrete  and  Cement. ^ There  is  no  ASTM  standard 
test  for  determining  the  modulus  of  elasticity  of  PCC  from  flexural 
tests.  The  recommended  procedure  is  contained  in  the  CE  Handbook  for 
Concrete  and  Cement^  and  is  designated  CRD-C  21-58.  No  procedures 
are  provided  for  determining  Poisson's  ratio  of  PCC.  It  is  recommended 
that  a value  of  0.2  be  assigned  for  all  PCC. 

It  is  recommended  that  the  modulus  of  elasticity  of  bound  base 
material  be  determined  from  cyclic  flexural  tests  of  beams.  The  recom- 
mended test  procedures  have  not  been  standardized  but  are  described  in 
detail  in  Appendix  C.  There  are  differences  in  the  procedures  for 


chemically  stabilized  materials  and  those  stabilized  with  bituminous 
binders.  These  differences  are  necessary  because  of  the  sensitivity 
of  bituminous-stabilized  bases  to  rates  of  loading  and  temperature. 

No  procedures  sure  provided  for  determining  Poisson's  ratio  of  bound 
base  material.  It  is  recommended  that  the  following  values  extracted 
from  Reference  10  be  used. 

Material Poisson's  Ratio 

Bituminous-stabilized  0.5  for  E < 500,000  psi 

0.3  for  E > 500,000  psi 

Chemically  stabilized  0.2 

It  is  recommended  that  properties  of  granular  bases  (subbases) 
be  determined  from  cyclic  triaxial  tests  on  prepared  samples.  The 
recommended  test  procedure  is  outlined  in  Appendix  D.  The  outputs 
from  the  test  procedure  are  measures  of  modulus  of  elasticity  and 
Poisson’s  ratio. 

There  is  concern  among  some  engineers  as  to  the  accuracy  with 
which  the  results  from  laboratory  tests  on  granular  materials  represent 
field  conditions.  This  is  the  result  of  such  factors  as  the  sensitivity 
to  the  state  of  stress,  sensitivity  to  the  degree  of  compaction, 
inability  to  take  undisturbed  samples , which  necessitates  laboratory 
preparation  of  specimens,  difficulty  in  measuring  parameters  needed  to 
compute  material  properties,  and  the  apparent  existence  of  tensile 
stresses  in  granular  layers,  which  would  result  in  redistributions  of 
stress  within  the  pavement  system.  In  addition,  there  is  also  the 
feeling  that  the  properties  of  granular  materials  meeting  requirements 
for  base  or  subbase  material  will  not  vary  over  a wide  range.  These  fac- 
tors have  led  to  the  use  of  various  methods  for  selecting  representative 
properties  of  granular  bases  and  subbases.  Barker  and  Brabston  recom- 
mend a Poisson's  ratio  of  0.3  for  granular  base  or  subbase  materials 
and  provide  a procedure  (Appendix  G1^)  for  determining  representa- 
tive values  of  moduli  based  on  layer  thickness  and  the  modulus  of  the 
foundation  upon  which  the  layer  was  compacted.  This  procedure  appears 
to  produce  reasonable  results.  However,  it  is  recommended  that  it  be 


used  in  conjunction  with  test  results  to  determine  a representative 
modulus  rather  than  as  the  sole  method.  The  use  of  a value  for  Poisson's 
ratio  of  0.3  is  acceptable  unless  there  is  reason  to  believe  that  it  is 
significantly  different  for  the  material  in  question. 

It  is  recommended  that  the  modulus  of  elasticity  and  Poisson's 
ratio  of  subgrade  soils  be  determined  from  cyclic  triaxial  tests  on 
undisturbed  samples  when  possible  or  on  samples  prepared  as  close  as 
possible  to  field  conditions  when  fill  is  involved.  The  recommended 
test  procedures  are  outlined  in  Appendix  E.  The  procedures  are  similar 
to  those  used  for  granular  base  (subbase)  materials.  There  are  dif- 
ferences in  details  of  the  test  procedures  and  presentation  of  results 
for  cohesive  and  cohesionless  materials.  These  differences  are  neces- 
sary because  of  the  sensitivity  of  cohesive  soils  to  moisture  and  the 
differences  in  the  behavior  as  a function  of  the  state  of  stress.  As 
with  other  materials,  determination  of  a representative  Poisson's  ratio 
is  difficult,  and  the  values  of  0.1*  for  cohesive  and  0.3  for  cohesion- 
less materials  suggested  by  Barker  and  Brabston^  may  be  used  if  test 
results  prove  unreliable. 
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APPENDIX  B:  DESCRIPTION  OF  TEST  PAVEMENTS 


The  pavements  described  herein  were  part  of  eight  test  tracks. 
These  test  tracks  will  he  referred  to  as  Lockbourne  No.  1,  Lockboume 
No.  2,  Lockbourne  No.  3,  Sharonville  Channelized  Traffic,  Sharonville 
Heavy  Load,  Multiple-Wheel  Heavy  Gear  Load  (MWHGL),  Keyed  Longitudinal 
Joint  Study  (KLJS),  and  Soil  Stabilization  Pavement  Study  (SSPS).  The 
pavements  were  constructed  and  tested  by  the  U.  S.  Army  Corps  of  Engi- 
neers during  the  period  from  19^*3  to  1973.  The  pavements  were  con- 
structed under  controlled  conditions,  and  simulated  aircraft  traffic  was 
applied  in  an  accelerated  manner. 

LOCKBOURNE  NO.  1 

The  Lockbourne  No.  1 Test  Track  was  constructed  between  August 
and  November  19^3  at  the  Lockbourne  Army  Air  Base  near  Columbus,  Ohio. 
The  construction,  testing,  and  analyses  of  the  data  from  this  test 
track  are  discussed  in  References  1+0-42.  This  test  track  had  two  con- 
tinuous traffic  lanes  20  ft  wide,  composed  of  adjacent  20-  by  20-ft 
slabs.  The  concrete  test  slabs  varied  in  thicknesses  from  5 to  10  in. 
and  were  placed  with  and  without  base  courses.  The  type  base  material 
varied  and  the  thickness  ranged  from  6 to  12  in.  Transition  slabs 
between  the  traffic  slabs  and  turnaround  sections  at  each  end  combined 
to  form  a continuous  track,  which  was  subjected  to  single-wheel  loadings 
of  20,  37,  and  60  kips.  Between  5 June  and  10  July  19^  some  sections 
of  the  test  track  were  reconstructed  due  to  early  failure  caused  by  the 
traffic  loading  tests. 

Table  B1  summarizes  the  flexural  strength  of  the  PCC  concrete 
and  the  traffic  applied  to  each  pavement.  Figure  B1  illustrates  the 
properties  of  the  pavements  used  in  this  study;  Figure  B2,  the  loads 
used  to  traffic  the  test  pavements.  The  two  tires  in  Figure  B2  were 
on  one  axle  of  the  load  cart  but  were  far  enough  apart  so  that  the 
overlap  in  zones  of  influence  was  small. 
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Table  B1 


Summary  of  Load.  PCC  Flexural  Strength,  and 
Traffic — Lockbourne  No.  1 Test  Track 


Item 

Load,  kips 

Flexural  Strength 
psi 

Traffic 

Coverages 

Remarks 

A 

20 

7i+0 

390+ 

First 

crack 

A 

37 

780 

h5 

First 

crack 

B 

20 

71+0 

187 

First 

crack 

B 

37 

780 

35 

First 

crack 

C 

20 

7U0 

200 

First 

crack 

C 

37 

780 

hk 

First 

crack 

D 

20 

71*0 

1+50 

First 

crack 

D 

37 

780 

33 

First 

crack 

E 

20 

7^0 

U30+ 

First 

crack 

E 

37 

780 

77 

First 

crack 

F 

20 

7^0 

550+ 

No  failures 

F 

37 

780 

111 

First 

crack 

K 

37 

780 

700 

First 

crack 

K 

60 

735 

72 

First 

crack 

N 

37 

780 

150 

First 

crack 

H 

60 

735 

9 

First 

crack 

0 

37 

780 

573 

First 

crack 

0 

6o 

735 

72 

First 

crack 

P 

37 

780 

262 

First 

crack 

P 

60 

735 

6 

First 

crack 

Q 

37 

780 

1390 

First 

crack 

Q 

60 

735 

57 

First 

crack 

U 

37 

780 

88 

First 

crack 

u 

60 

735 

1.5 

First 

crack 

A 

(Reconstr)  37 

725 

658 

First 

crack 

WHEEL  LOAD =20  KIPS 

TIRE  CONTACT  AREA  = 387  IN.2 

TIRE  CONTACT  PRESSURE  = 52  PSI 


WHEEL  LOAD =37  KIPS 

TIRE  CONTACT  AREA  = 638  IN.2 

TIRE  CONTACT  PRESSURE  = 58  PSI 


WHEEL  LOAD  = 60  KIPS 

TIRE  CONTACT  AREA  = 1051  IN.2 

TIRE  CONTACT  PRESSURE  = 57  PSI 


Figure  B2.  Schematic  representation  of  loads  used  in 
Lockbourne  No.  1 Test  Track 

LOCKBOURNE  NO.  2 

The  Experimental  Mat  test  section  designated  as  Lockbourne  No.  2 
was  rectangular  in  shape  and  constructed  adjacent  to  the  Lockbourne 
No.  1 Test  Track  between  September  19^*+  and  April  191+5-  A discussion 
of  the  construction,  testing,  and  analyses  of  data  from  this  test  sec- 
tion can  be  found  in  References  1+3  and  1+1+ . The  concrete  test  pavements 
varied  from  15  to  2l+  in.  in  thickness  and  consisted  of  both  25-  by  25- 
and  25-  by  50- ft  slabs.  Perimeter  slabs  varying  in  thickness  completely 
surrounded  the  test  pavements.  Their  purpose  was  to  provide  a maneuver 
area  for  the  outrigger  wheels  of  the  150-kip  single-wheel  load  rig. 


The  Lockhourne  No.  2 Modification  test  section  was  an  extension  of 
the  Experimental  Mat  and  was  constructed  between  August  and  October  19^6. 
A discussion  of  construction,  testing,  and  analyses  of  data  can  be  found 
in  References  1*5  and  1*6.  This  test  section  consisted  of  12-,  15-,  and 
20-in.  plain  concrete  pavement  placed  directly  on  the  subgrade.  The 
test  slabs  were  arranged  to  form  three  25-ft  lanes  with  transition  slabs 
separating  the  three  design  thicknesses.  Traffic  was  applied  with  a 
special  loading  device  that  produced  a 150-kip  load  on  four  wheels. 

Table  B2  summarizes  the  flexural  strengths  of  the  concrete  test 
pavements  and  the  traffic  applied  to  each  item.  The  pavement  properties 
used  in  this  study  are  for  the  Experimental  Mat  section  (Figure  B3)  and 
for  the  Multiple-Wheel  Modification  section  (Figure  BU).  The  load 
assembly  in  Figure  B5  is  for  both  the  Experimental  Mat  and  the  Modifica- 
tion sections. 

Table  B2 

Summary  of  Load,  PCC  Flexural  Strength,  and 
Traffic — Lockbourne  No.  2 Test  Track 


Item 

Load,  kips 

Flexural  Strength 
psi 

Traffic 

Coverages 

Remarks 

El 

150 

725 

97 

First  crack 

E2 

150 

680 

9^2 

First  crack 

E3 

150 

710 

17 

First  crack 

El* 

150 

680 

203 

First  crack 

E5 

150 

695 

1*3 

First  crack 

E6 

150 

700 

2201++ 

No  failure 

E7 

150 

760 

220U+ 

No  failure 

Ml 

150 

725 

13b 

First  crack 

M2 

150 

725 

2201*+ 

No  failure 

M3 

150 

725 

220L+ 

No  failure 

Note:  Items  E1-E7  (Experimental  Mat)  loaded  with  single  wheel. 

Items  M1-M3  (Modification)  loaded  with  dual -tandem  gear. 


Figure  B3.  Description  of  test  pavements  in  Locktourne  No.  2 Experimental  Mat  test  section 
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Figure  B1*.  Description  of  test  pavements  in  Lockbourne 
No.  2 Multiple-Wheel  Modification  test  section 


EXPERIMENTAL  MAT 


GEAR  LOAD  = 150  KIPS 

TIRE  CONTACT  AREA  = 1459  IN.2 

TIRE  CONTACT  PRESSURE  = 103  PSI 


MODIFICATION 

GEAR  LOAD  = 150  KIPS 

TIRE  CONTACT  AREA  =270  IN.2 

TIRE  CONTACT  PRESSURE  = 139  PSI 


Figure  B5.  Schematic  representation  of  loads  used 
in  Lockbourne  No.  2 Test  Track 


LOCKBOURNE  NO.  3 

The  Lockbourne  No.  3 Overlay  Mat  test  section  was  constructed  in 
the  area  encompassed  by  the  inner  boundaries  of  the  Lockbourne  No.  1 
Test  Track.  Construction  of  the  test  section  was  begun  1 August  19^6 
and  was  completed  26  October  19^6.  The  construction,  testing,  and 
analyses  of  the  data  from  this  overlay  mat  test  section  are  discussed 
in  References  h5  and  h6.  The  concrete  pavement  comprising  part  of  the 
Lockbourne  No.  3 Test  Track  was  divided  into  nine  test  items.  With 
the  exception  of  item  1,  each  was  overlain  with  a flexible  overlay. 

The  overlay  thickness  varied  as  well  as  the  type  of  overlay  material 
and  ranged  between  3 to  9 in.  Item  1 consisted  of  6-in.  plain  concrete 
and  was  divided  into  four  lanes;  three  of  these  lanes  were  25  ft  wide 
and  one  was  10  ft  wide. 

Traffic  was  applied  to  the  test  items  with  a rig  producing  a 
60-kip  load  on  a dual-wheel  assembly.  Figure  B6  lists  the  properties  of 
the  pavement  used  in  this  study  including  the  applied  load.  The  PCC 
flexural  strength  was  800  psi , and  the  first  crack  failure  occurred  at 
18  coverages. 
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• • 


SILTY  CLAY 

AVERAGE  30%  CLAY,  55%  SILT, 

AND  15%  SAND 

PI  = 20%  (CL -CH  -ML) 


E = 4.0  * 106  psi 

v - 0.2 


E = 5100  PSI 
y = 0.4 
k = 62  PCI 


GEAR  LOAD  = 60  KIPS 

TIRE  CONTACT  AREA  = 332  IN.2 

TIRE  CONTACT  PRESSURE  =90  PSI 


Figure  B6.  Summary  of  data  from  Lockboume  No.  3 
Test  Track 


SHARONVILLE  CHANNELIZED  TRAFFIC 

Two  channelized  traffic  test  sections,  one  on  a high  hearing- 
capacity  foundation  and  the  other  on  a low  bearing-capacity  foundation, 
were  constructed  at  Sharonville , Ohio , between  November  1955  and 
February  1956.  The  construction,  testing,  and  analyses  of  data  from 
this  test  track  are  discussed  in  References  and  Lj.  The  two 

channelized  traffic  test  sections,  designated  as  Parts  1 and  2,  were 
25  ft  wide  and  about  600  ft  long,  and  contained  no  longitudinal  Joints. 
The  test  items  in  each  section  varied  from  50  to  65  ft  in  length.  Each 
item  was  separated  by  a heavily  reinforced  concrete  transition  slab 
10  ft  long.  Traffic  was  applied  to  both  sections  by  using  a load  rig 
which  produced  a 100-kip  load  on  a dual  gear. 

Table  B3  summarizes  the  flexural  strength  of  the  test  items  and 
the  amount  of  traffic  applied  to  each.  Figure  B7  shows  the  pavement 
properties  used  in  this  study;  Figure  B8,  the  load  used  to  traffic  the 
Sharonville  Channelized  test  pavement. 
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Table  B3 


Summary  of  Load,  PCC  Flexural  Strength,  and 
Traffic — Sharonville  Channelized  Test  Track 


Item 

Load,  kips 

Flexural  Strength 
psi 

Traffic 

Coverages 

Remarks 

57 

100 

7^0 

3l7,65C* 

No  failure 

58 

100 

7^0 

3U  ,65C* 

No  failure 

59 

100 

730 

7,600 

First  crack 

60 

100 

730 

1,674 

First  crack 

6i 

100 

730 

3,867 

First  crack 

62 

100 

730 

10,082 

First  crack 

w 
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Figure  B7.  Description  of  test  pavements  in  Sharonville 
Channelized  Traffic  Test  Track 
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GEAR  LOAD  = 100  KIPS 

TIRE  CONTACT  AREA  = 267  IN.2 

TIRE  CONTACT  PRESSURE  - 187  PSI 


Figure  B8.  Schematic  representation  of  loads  used  in 
Sharonville  Channelized  Traffic  Test  Track 

SHARONVILLE  HEAVY  LOAD 

The  Heavy  Load  Test  Track  was  constructed  hetween  July  and 
November  1957  at  the  Sharonville  test  site  Just  north  of  Cincinnati, 
Ohio.  The  construction  of  the  test  track  is  discussed  in  Reference  48. 
Testing  and  analysis  of  the  data  have  not  been  published.  Test  Track  A, 
used  in  this  study,  was  50  ft  wide  and  525  ft  long.  An  extra  25-ft 
length  of  pavement  was  provided  at  each  end  of  the  track  to  provide  a 
maneuver  area  for  the  traffic  rig.  Track  A was  referred  to  as  the 
"plain  concrete"  test  track.  Traffic  tests  on  all  pavements  were 
accomplished  with  a 325-kip  load  on  a dual-tandem  aircraft  gear. 

Table  B4  summarizes  the  PCC  flexural  strength  and  the  traffic 
applied  to  the  various  test  items  that  were  used  in  this  study.  Fig- 
ure B9  shows  the  pavement  properties  of  the  test  items  used  in  this 
study;  Figure  BIO,  the  load  used  to  traffic  the  pavements. 

Table  B4 

Summary  of  Load.  PCC  Flexural  Strength,  and 
Traffic — Sharonville  Heavy  Load  Test  Track 


Item 

Load,  kips 

Flexural  Strength 
psi 

Traffic 

Coverages 

Remarks 

71 

325 

800 

9680+ 

No  failure 

72 

325 

800 

9680 

First  crack 

73 

325 

800 

2115 

First  crack 

3 7-1/2" 


0 0 
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I 


|-0  0 

GEAR  LOAD  = 325  KIPS 

I TIRE  CONTACT  AREA  = 267  IN.2 

l TIRE  CONTACT  PRESSURE  = 304  PSI 


■0  0 

i 37.25"  I 


Figure  BIO.  Schematic  representation  of  loads 
used  in  Sharonville  Heavy  Load  Test  Track 

MULTIPLE-WHEEL  HEAVY  GEAR 
LOAD  (MWHGL) 

The  MWHGL  pavement  tests  were  conducted  at  the  test  site  located 
at  the  U.  S.  Army  Engineer  Waterways  Experiment  Station  in  Vicksburg, 
Miss.  The  construction  of  this  test  track  was  initiated  in  July  1968, 
and  the  rigid  pavement  portion  was  completed  in  December  1968.  The 
construction,  testing,  and  analyses  of  the  data  from  this  test  track 
are  discussed  in  Reference  35.  The  rigid  pavement  test  items  were  each 
50  ft  square  and  composed  of  four  25-ft-square  slabs  separated  by  a 
longitudinal  construction  joint  and  a transverse  contraction  Joint. 

The  items  were  separated  by  25-ft-long  by  50— ft-wide  transition  slabs , 
which  were  heavily  reinforced  to  prevent  the  migration  of  cracks  from 
one  test  item  to  another.  The  simulated  traffic  portion  of  the  tests 
was  run  in  two  parts:  the  first  part  consisted  of  trafficking  the  south 
paving  lane  with  a 12-wheel  assembly  (C-5A)  loaded  to  30,000  lb  per 
wheel;  the  second  part  of  the  test  program  consisted  of  trafficking 
the  north  paving  lane  with  a dual -tandem  assembly  (B-7*+7)  loaded  to 
Ul,500  lb  per  wheel. 

Figure  Bll  shows  the  properties  of  the  test  pavements  used  in  this 
study;  Figure  B12,  the  load  assemblies  used  to  traffic  the  test  items. 
Table  B5  summarizes  the  wheel  loads,  PCC  flexural  strengths,  and  the 
traffic  applied  to  the  test  pavements. 
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Figure  Bll.  Description  of  test  pavements  in  Multiple- 
Wheel  Heavy  Gear  Load  Test  Track 
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■0  0 0 0 


GEAR  LOAD  = 360  KIPS 

TIRE  CONTACT  AREA  = 285  IN.2 

TIRE  CONTACT  PRESSURE  = 106  PSI 


0 0 0 0 


C-5A  GEAR 


r’  i 

r0  0 

GEAR  LOAD  = 166  KIPS 

5«”  TIRE  CONTACT  AREA  = 207  IN.2 

TIRE  CONTACT  PRESSURE  = 200  PSI 

L0  0 

DUAL  TANDEM  GEAR 

Figure  B12.  Schematic  representation  of  loads  used 
in  Multiple-Wheel  Heavy  Gear  Load  Test  Track 
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Table  B5 

Summary  of  Load.  PCC  Flexural  Strength,  and  Traffic— 
Multiple-Wheel  Heavy  Gear  Load  Test  Track 


Item 

Load,  kips 

Flexural  Strength 
psi 

Traffic 

Coverages 

Remarks 

1 

360* 

725 

221 

First  crack 

2 

360* 

800 

U230 

First  crack 

2 

166** 

700 

95 

First  crack 

3 

166** 

660 

205 

First  crack 

3 

360* 

700 

1U00 

First  crack 

h 

360* 

775 

180 

First  crack 

* C-5A  gear. 

**  Dual-tandem  gear. 


KEYED  LONGITUDINAL 
JOINT  STUDY  (KLJS) 

The  excavation,  construction  of  the  foundation  materials,  and 
final  concrete  paving  phases  of  the  KLJS  test  section  occurred  during 
the  period  April-May  1971.  The  construction,  testing,  and  analysis  of 
the  data  from  the  KLJS  test  pavements  are  discussed  in  Reference  38. 
The  pavement  thicknesses,  foundation  materials,  and  types  of  longi- 
tudinal construction  Joints  varied  in  the  four  test  items  . The  rigid 
pavement  thicknesses  of  items  1 and  2 were  8 and  11  in.,  respectively; 
items  3 and  U were  both  10  in.  thick.  Each  test  item  contained  four 
25-ft-square  concrete  slabs  at  uniformed  thickness,  two  in  the  north 
lane  and  two  in  the  south  lane.  The  transition  slabs  that  had  been 
constructed  for  the  MWHGL  were  left  in  place  and  used  in  this  study. 
The  gear  configurations  used  for  trafficking  the  KLJS  test  items  were 
the  same  that  were  used  in  the  MWHGL  study  (Figure  B12). 

Figure  B13  shows  the  pavement  properties  used  in  this  study. 
Table  B6  summarizes  the  wheel  loads,  concrete  flexural  strengths,  and 
traffic  coverages  applied  to  the  test  items. 
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Figure  B13.  Description  of  test  pavements  in  Keyed 
Longitudinal  Joint  Study 
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Table  B6 


Summary  of  Load.  PCC  Flexural  Strengths,  and  Traffic — 
Keyed  Longitudinal  Joint  Study 


Item 

Load,  kips 

Flexural  Strength 
psi 

Traffic 

Coverages 

Remarks 

1 

360* 

905 

5l+ 

First  crack 

2 

360* 

730 

31*1* 

First  crack 

3 

360* 

810 

22 

First  crack 

U 

360* 

860 

6336 

First  crack 

1+ 

l66#* 

860 

320 

First  crack 

* C-5A  gear. 

**  Dual- tandem  gear. 


SOIL  STABILIZATION 
PAVEMENT  STUDY  (SSPS) 

This  final  test  section,  designated  the  SSPS,  was  constructed 
during  the  period  March-August  1972.  This  area  had  been  used  previously 
for  the  MWHGL  and  KLJS  tests.  The  construction,  testing,  and  analyses 
of  the  data  from  this  test  section  are  discussed  in  Reference  39.  The 
test  section  was  290  ft  long  and  50  ft  wide  and  consisted  of  five  test 
items,  each  50  ft  square  and  separated  by  10-ft-wide  transition  slabs. 
The  concrete  in  each  item  was  first  placed  in  the  north  paving  lane 
(25-  by  50- ft  sections)  between  the  transition  slabs.  Only  two  items 
from  this  test  track  were  used  in  this  study.  These  were  15-in. -thick 
slabs  on  6-in. -thick  bound  base  course  layers.  Simulated  aircraft  traf- 
fic was  applied  to  the  test  items  using  a dual-tandem  assembly.  A net 
weight  of  200  kips  (50  kips/wheel)  was  used  for  trafficking  lane  1 and 
2 Uo  kips  (60  kips/wheel)  for  trafficking  lane  2.  The  contact  area  for 
both  loads  was  maintained  at  267  sq  in.  by  using  inflation  pressures  of 
190  and  250  psi  for  the  200-  and  2 1+0-kip  loads,  respectively. 

Figure  Bll*  shows  the  pavement  properties  used  in  this  study; 
Figure  B15,  the  loads  used  to  traffic  the  test  pavements.  Table  B7 
summarizes  the  concrete  flexural  strengths  and  the  traffic  applied 
to  each  test  item. 
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Figure  BlU.  Description  of  test  pavements  in  Soil 
Stabilization  Pavement  Study 


200-KIP  240-KIP 

GEAR  LOAD  GEAR  LOAD 

TIRE  CONTACT  AREA,  IN.2  m 267 

TIRE  CONTACT  PRESSURE,  PSI  187  225 


Figure  B15.  Schematic  representation  of  loads 
used  in  Soil  Stabilization  Pavement  Study 


APPENDIX  C:  LABORATORY  PROCEDURE  FOR  DETERMINING 
THE  FLEXURAL  MODULUS  OF  BOUND  BASES 

The  procedure  contained  herein  involves  application  of  a repeti- 
tive loading  to  a beam  specimen  under  controlled  stress  conditions. 
Applied  load  and  deflection  along  the  neutral  axis  and  at  the  lower 
surface  are  monitored,  and  the  results  are  used  to  determine  the 
flexural  modulus.  Because  of  the  sensitivity  of  bituminous-stabilized 
materials  to  temperature,  rate  of  loading,  and  repeated  loading,  some 
differences  are  noted  with  the  procedure  for  chemically  stabilized 
materials. 

SPECIMEN  PREPARATION 

CHEMICALLY  STABILIZED  MATERIAL 

Beam  specimens  should  be  prepared  following  the  general  proce- 
dures outlined  in  ASTM  Standard  Procedure  Designation:  D 1632-63.^ 
This  method  describes  procedures  for  molding  3-  by  3-  by  11-1 /U-in. 
specimens;  however,  any  size  mold  may  be  used  for  the  test.  For  soils 
containing  aggregate  particles  larger  than  3 A in.,  it  is  recommended 
that  molds  on  the  order  of  1*  by  1+  to  6 by  6 in.  be  used.  In  general, 
specimens  should  have  an  approximately  square  cross-sectional 
configuration  and  a length  adequate  to  accommodate  an  effective  test 
span  equal  to  three  times  the  height  or  width.  Specimens  should  be 
molded  to  the  stabilizer  treatment  level,  moisture  content,  and  density 
expected  in  the  field  structures.  Specimens  should  be  moist-cured 
for  28  days. 

BITUMINOUS-STABILIZED  MATERIAL 

Beam  specimens  should  be  prepared  following  the  general  proce- 
dures outlined  in  ASTM  Standard  Procedure  Designation:  D 3202-73 
If  there  is  undue  movement  of  the  mixture  under  the  compactor  foot 
during  beam  compaction,  the  temperature,  foot  pressure,  and  number  of 
tamping  blows  should  be  reduced.  Similar  modifications  to  compaction 
procedures  should  be  made  if  specimens  with  less  density  are  desired. 


A diamond-blade  masonry  saw  is  used  to  cut  3-in.-  (or  slightly  less)  deep 
by  3-in.-  (or  slightly  less)  wide  test  specimens  from  the  15-ft-long 
beams.  Specimens  with  suitable  dimensions  can  also  be  cut  from  pavement 
samples.  The  widths  and  depths  of  the  specimens  are  measured  to  the 
nearest  0.01  in.  at  the  center  and  at  2 in.  from  both  sides  of  the 
center.  Mean  values  are  determined  and  used  for  subsequent  calculations. 

EQUIPMENT 

The  following  equipment  is  required: 

a.  Loading  frame  capable  of  receiving  specimen  for  third-point 
loading  test. 

b.  A 3000-lb  capacity  electrohydraulic  testing  machine  capable 
of  applying  static  and  repeated  tension-compression  loads  in 
the  form  of  haversine  waves. 

c_.  Load  cell  (approximately  3000-lb  capacity). 

Two  linear  variable  differential  transformers  (LVDT's). 

£.  Recording  equipment  for  monitoring  deflection,  strain,  and 
load. 

f\  Miscellaneous  pins  and  yokes,  as  described  in  the  equipment 
setup  below,  for  mounting  the  LVDT’s. 

£.  Controlled-temperature  cabinet  capable  of  controlling 
temperature  within  +1°F. 

EQUIPMENT  SETUP 

CHEMICALLY  STABILIZED 

MATERIALS 

Figures  C1-C3  present  the  details  of  the  equipment.  The  beam 
should  be  positioned  so  that  the  molding  laminations  are  horizontal. 

The  three  yokes  are  positioned  over  the  top  of  the  beam  and  held  in 
place  by  threaded  pins  positioned  along  the  neutral  axis.  The  end  pins, 

A and  C,  are  positioned  directly  over  the  end  reaction  points,  and  the 
middle  pin  B is  positioned  at  the  center  of  the  beam.  A metal  bar  rests 
on  top  of  the  pins.  At  the  A position,  the  bar  is  equipped  with  a lower 
vertical  tab  having  a hold  that  slips  loosely  over  the  pin.  A nut  is 
placed  on  the  end  of  the  pin  to  prevent  the  bar  from  slipping.  At  the 
center  or  B position,  the  bar  is  equipped  with  a vertical  tab  onto  which 
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Figure  C2.  Details  of  equipment  setup 


Figure  C3*  Details  of  pins  A and  B and  horizontal  bar 


an  LVDT  is  cemented  in  a vertical  position.  At  this  position  on  the 
bar,  there  is  a hole  through  which  the  LVDT  core  pin  falls  to  rest  on 
the  B pin.  This  pin  must  be  fabricated  with  flat  sides  on  the  shaft 
to  provide  a horizontal  surface  on  which  the  LVDT  core  pin  rests.  At 
the  C position,  the  end  of  the  bar  simply  rests  on  the  unthreaded  por- 
tion of  the  C pin.  A nut  is  placed  on  the  end  of  the  C pin  to  prevent 
excessive  side  movement  of  the  bar  end.  This  type  of  bar,  pin,  and 
LVDT  arrangement  is  provided  on  both  sides  of  the  beam.  Although  no 
dimensions  are  provided  in  Figures  C1-C3,  this  type  of  equipment  can 
easily  be  dimensioned  and  fabricated  to  fit  any  size  beam.  Either 
steel  or  aluminum  may  be  used.  The  beam  should  be  positioned  and 
arranged  to  accommodate  third-point  loading  as  indicated  in  Figure  C2. 
As  the  beam  bends  under  loading,  deflection  at  the  center  is  measured 
by  determining  the  movement  of  the  LVDT  stems  from  their  original 
positions.  The  LVDT's  are  connected  to  the  monitoring  system  to  give 
an  average  deflection  reading. 

BITUMINOUS-STABILIZED 

MATERIALS 

Bituminous-stabilized  materials  are  affected  by  temperature, 
rate  of  loading,  and  repeated  load  applications.  The  tests  should  be 
conducted  in  a controlled-temperature  cabinet  capable  of  controlling 
temperature  within  +1°F.  The  beam  will  tend  to  deform  permanently 
under  repeated  load  applications  or  its  own  weight  due  to  the  viscous 
nature  of  the  binder.  Therefore,  a loading  device  capable  of  trans- 
mitting both  upward  and  downward  to  the  specimen  is  required.  The 
arrangement  in  Figures  C1-C3  is  capable  of  applying  only  a downward 
force.  A loading  device  similar  to  that  in  Figure  is  needed.  This 
device  permits  both  upward  and  downward  forces  to  be  applied  to  the 
specimen.  A sufficient  load,  approximately  10  percent  of  the  load 
deflecting  the  beam  upward,  is  applied  in  the  opposite  direction 
forcing  the  beam  to  return  to  its  original  horizontal  position  and 
holding  it  at  that  position  during  the  rest  period.  Adjustable  stop 
nuts  installed  on  the  flexure  apparatus  loading  rod  prevent  the  beam 
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General  view  of  equipment  setup  for  two-way  loading 


from  bending  below  the  initial  horizontal  position  during  the  rest 
period.  With  the  device  presented  in  Figure  CU , the  LVDT  cores  are 
normally  attached  to  a nut  bonded  to  the  center  of  the  specimen.  How- 
ever, a mechanical  clamp,  as  in  Figure  C3,  may  be  used.  The  specimen 
is  clamped  in  the  fixture  using  a jig  to  position  the  centers  of  the 
two  loading  clamps.  Double  layers  of  Teflon  sheets  are  placed  between 
the  specimen  and  the  loading  clamps  to  reduce  friction  and  longitudinal 
restraint  caused  by  the  clamps. 

TEST  PROCEDURE 

CHEMICALLY  STABILIZED 

MATERIALS 

The  flexural  beam  test  is  a stress-controlled  test.  Therefore, 
an  initial  specimen  should  be  statically  loaded  to  failure.  The  repeti- 
tive load  test  should  be  conducted  using  a haversine  wave  form,  a 
loading  duration  of  0.5  sec,  and  a frequency  of  about  1 Hz.  It  is 
recommended  that  tests  be  conducted  at  1+0,  60,  and  80  percent  of 
the  maximum  rupture  value;  however,  stress  levels  can  be  varied  to 
higher  or  lower  levels.  About  1+00  load  repetitions  should  be  applied 
to  condition  the  specimen,  and  all  gages  reset.  The  load  and  deflec- 
tion along  the  neutral  axis  should  be  monitored  at  100,  1,000,  and 
10,000  load  repetitions. 

BITUMINOUS-STABILIZED 

MATERIALS 

The  beam  is  positioned  in  the  loading  device,  placed  in  the 
controlled-temperature  cabinet,  and  brought  to  the  desired  temperature. 
Specimens  should  be  tested  at  1+0,  70,  and  100°F.  A dummy  specimen, 
with  a thermocouple  in  the  center,  may  be  used  to  determine  when  the 
specimen  has  reached  the  desired  temperature.  The  repetitive  load 
tests  should  be  conducted  using  a haversine  wave  form,  a loading  dura- 
tion of  0.2  sec,  and  a frequency  of  about  2 Hz.  The  test  is  stress- 
controlled.  Thus,  loads  that  will  result  in  reasonable  stresses  in  the 
specimen  should  be  used.  One  test  should  be  run  with  a load  that  will 
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result  in  stresses  in  the  outer  fibers  of  the  beam  of  about  50  psi, 
and  subsequent  loads  should  be  applied  that  will  result  in  stress  less 
than  the  following: 

Temperature  Range.  °F  Maximum  Stress,  psi 

^0-60  1*50 

60-80  300 

80-100  200 

Should  excessive  deflections  occur  the  load  should  be  reduced.  About 
500  conditioning  load  repetitions  should  be  applied,  and  all  gages  reset. 
The  load  and  deflections  should  be  monitored  at  100,  1,000,  and  10,000 
load  repetitions. 

REPORTING  OF  TEST  RESULTS 


The  flexural  modulus  should  be  determined  at  100,  1,000,  and 
10,000  load  repetitions  or  at  failure.  This  value  may  be  determined 
from  load  and  deflection  data  monitored  at  these  repetition  levels  using 
the  expression 


E 


23PL3 

129^dl 


1 + 2.11 


(Cl) 


where 

E = flexural  modulus,  psi 
P = maximum  load  amplitude,  lb 
L = specimen  length,  in. 
d = deflection  at  the  neutral  axis,  in. 

I = moment  of  inertia,  in.1* 
h = specimen  height,  in. 

For  chemically  stabilized  materials,  the  value  to  be  used  for  E is  the 
arithmetic  mean  of  all  values  obtained  during  the  test.  For  bituminous- 
stabilized  materials,  the  average  should  be  determined  for  each  tempera- 
ture at  which  tests  were  conducted  and  a relationship  between  modulus 
of  elasticity  and  temperature  was  established. 
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APPENDIX  D:  LABORATORY  PROCEDURE  FOR  DETERMINING 
THE  RESILIENT  MODULUS  OF  GRANULAR  BASE  MATERIALS 


This  procedure  is  designed  to  determine  resilient  properties  of 
granular  base  (subbase)  materials.  The  test  is  similar  to  a standard 
triaxial  compression  test,  the  primary  exception  being  that  the  deviator 
stress  is  applied  repetitively  at  several  stress  levels.  The  procedure 
allows  testing  under  a repetitive  stress  state  similar  to  that  encoun- 
tered in  a base  (subbase)  course  layer  in  a pavement  under  a moving 
wheel  load. 

DEFINITIONS 


The  following  symbols  and  terms  are  used  in  the  description  of 
this  procedure: 

a.  = total  axial  stress. 

b.  = total  radial  stress,  i.e.,  confining  pressure  in  the 

triaxial  test. 

£.  ad  = deviator  stress  (a  - a ),  i.e.,  the  repeated  axial 
stress  in  this  procedure. 

d.  e = total  axial  strain  due  to  a.  . 

“l  d 

e.  e = resilient  axial  strain  due  to  <7,  . 

— n d 

f.  e.  = resilient  lateral  strain  due  to  o.  . 

x.  d 

* Nr  = the  resilient  modulus  = a^/e^  • 

h..  Vp  = the  resilient  Poisson's  ratio  = • 

i_.  0 = sum  of  the  principal  stresses  in  the  triaxial  state  of 

stress  (a,  + 2a_  = a.  + 3a.,). 

1 3 d 3 

j. .  aj/a3  = principal  stress  ratio. 

k. .  Load  duration  = time  interval  during  which  the  sample  is 

subjected  to  a stress  deviator. 

l.  Cycle  duration  = time  interval  between  successive  applica- 

tions of  the  deviator  stress. 


SPECIMENS 

For  base  course  materials,  6-in.-diam  specimens  are  generally 
required  with  the  maximum  particle  size  being  limited  to  1 in.  The 
specimen  height  should  be  at  least  twice  the  diameter.  Methods  for 
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preparation  of  specimens  are  set  forth  in  Engineer  Manual  EM 
1110-2-1906. 67 

EQUIPMENT 

TRIAXIAL  TEST  CELL 

The  triaxial  cell  shown  schematically  in  Figure  D1  is  suitable 
for  use  in  resilient  testing  of  soils.  The  equipment  is  similar  to  most 
standard  cells.  However,  there  are  a few  specialized  criteria  that  must 
be  met  to  provide  acceptable  test  results.  Generally,  the  equipment  is 
slightly  larger  than  most  standard  cells  to  accommodate  the  6-in.-diam 
specimens  and  the  internally  mounted  load  and  deformation  measuring 
equipment.  Additional  outlets  for  the  electrical  leads  from  these  mea- 
suring devices  are  required. 

Cell  pressures  of  80  psi  are  generally  sufficient  to  duplicate 
the  maximum  confining  pressures  under  aircraft  loadings.  Compressed 
air  is  generally  used  as  the  confining  fluid  to  avoid  detrimental  ef- 
fects of  water  on  the  internally  mounted  electronic  measuring  equipment. 

END  PLATENS 

End  platens  should  be  "frictionless,"  as  "barrelling"  caused  by 
end  restraint  Jeopardizes  resilient  Poisson's  ratio  values  by  causing 
lateral  deformations  to  be  concentrated  in  the  middle  of  the  specimen. 
Furthermore,  nonuniform  displacements  can  create  problems  with  axial 
strain  measurements  due  to  realignment  of  the  LVDT  clamps.  Whereas 
"frictionless"  platens  (Figure  D2)  may  not  be  entirely  frictionless 
under  short-term  repetitive  loadings , they  constitute  an  improvement  over 
conventional  end  platens.  The  essential  features  of  "frictionless" 
end  platens  are  (a)  hard  polished  end  plates,  (b)  coated  by  high-vacuum 
silicone  grease,  (c)  covered  by  a thin  rubber  sheet.  If  externally 
mounted  axial  deformation  measuring  devices,  such  as  an  LVDT  or  potenti- 
ometer mounted  on  the  loading  piston,  or  devices  measuring  the  total 
specimen  displacements  are  used,  the  use  of  frictionless  caps  and  bases 
with  grease  invalidates  any  measurements.  In  this  case,  the  deformation 
due  to  the  grease  and  rubber  sheet  or  Teflon  probably  exceeds  the  actual 
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Figure  D2.  Schematic  of  frictionless 
cap  and  base 

deformation  of  the  specimen.  Hence,  frictionless  caps  and  bases  are 
restricted  to  use  with  internally  mounted  deformation  sensors. 

REPETITIVE  LOADING  EQUIPMENT 

The  external  loading  source  may  be  any  device  capable  of  pro- 
viding a variable  load  of  fixed  cycle  and  loa  duration,  ranging  from 
simple  switch  control  of  static  weights  or  air  pistons  to  a closed-loop 
electrohydraulic  system.  A load  duration  of  0.1  to  0.2  sec  and  a cycle 
duration  of  3 sec  have  been  found  satisfactory  for  most  applications. 

A haversine  wave  form  is  recommended;  however,  a rectangular  wave  form 
can  be  used. 

DEFORMATION  AND  LOAD 

MEASURING  EQUIPMENT 

The  deformation  measuring  equipment  consists  of  four  LVDT's 
attached  to  the  soil  specimen  with  a pair  of  clamps,  as  shown  in  Fig- 
ure Dl.  Two  LVDT's  are  used  to  measure  axial  deformations,  and  two 
are  used  to  measure  lateral  deformations.  Figures  D3  and  DU  show 
the  details  of  the  clamps  for  attaching  the  LVDT's  to  the  soil  speci- 
mens. Only  a-c  transducers  that  have  a minimum  sensitivity  of 


0.2  mv/0.001  in./v  should  be  used.  Load  is  measured  with  an  in- 
ternally mounted  load  cell  that  is  sufficiently  lightweight  so  as  not 
to  provide  any  significant  inertia  forces.  It  should  have  a capacity 
no  greater  than  2 to  3 times  that  of  the  maximum  applied  load  and  a 
minimum  sensitivity  of  2 mv/v. 

ADDITIONAL  EQUIPMENT 

In  addition  to  the  equipment  described  above,  the  following  items 
are  also  used: 

a.  Calipers,  a micrometer  gage,  and  a steel  rule  (calibrated 
to  0.01  in. ). 

b.  Rubber  membranes  (0.012  to  0.025  in.  thick)  and  a membrane 
stretcher. 

c_.  Rubber  0-rings . 

<1.  Guide  rods  for  positioning  LVDT  clamps. 

.£•  Epoxy  for  cementing  clamps  to  membrane. 

£.  A vacuum  source  with  a bubble  chamber  (optional)  and 
regulator. 

£..  Specimen  forming  jacket. 

It  is  also  necessary  to  have  a fast  recording  system  for  accurate 
testing.  It  is  recommended,  for  analog  recording  equipment,  that  the 
resolution  of  the  parameter  being  controlled  be  better  than  1.5  percent 
of  the  maximum  value  of  the  parameter  being  measured  and  that  any 
variable  amplitude  signals  be  changed  from  high  to  low  resolution  as 
required  during  the  test.  If  multichannel  recorders  are  not  available, 
by  introducing  switching  and  balancing  units , a single— channel  recorder 
can  be  used. 

PREPARATION  OF  SPECIMENS  AND 
PLACEMENT  IN  TRIAXIAL  CELL 

Specimen  preparation  procedures  are  governed  by  the  criteria  set 
forth  in  Appendix  X of  Engineer  Manual  EM  1110-2-1906. ^ The  following 
procedures  describe  a step-by-step  account  for  preparing  remolded 
specimens.  Generally,  for  base  course  materials,  6-in.-diam  specimens 
are  required  with  the  maximum  particle  size  being  limited  to  1 in.  in 
diameter. 
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MATERIAL  PREPARATION 


The  material  should  be  air-dried  and  subsequently  sufficient 
water  added  to  bring  the  material  to  the  desired  compaction  water  con- 
tent (usually  field  condition).  Sealing  the  material  in  a container 
for  2h  hr  prior  to  compaction  will  allow  the  moisture  to  equilibrate. 

For  well-graded  materials,  it  may  be  necessary  to  break  the  material 
down  into  several  sieve  sizes  and  recombine  for  each  layer  to  prevent 
serious  segregation  of  material  in  the  specimen.  If  the  compaction 
effort  required  to  duplicate  the  desired  testing  water  content  and 
density  is  known,  sufficient  material  for  several  specimens  may  have  to 
be  prepared.  The  compaction  effort  required  will  then  be  established 
on  a trial-and-error  basis. 

SPECIMEN  COMPACTION 

Generally,  base  course  materials  are  compacted  on  the  triaxial 

cell  baseplate  using  a split  mold.  If  the  particles  are  angular,  two 

membranes  may  be  required:  one  used  during  compaction  and  the  second 

placed  after  compaction  to  seal  any  holes  punctured  in  the  membrane. 

A successful  procedure  has  been  to  use  a Teflon-lined  mold  and  a thin 

• sheet  of  wrapping  paper  instead  of  a membrane.  Often  the  density  is 

sufficiently  high  and  the  water  content  such  that  effective  cohesion 

will  permit  a free-standing  specimen  to  be  prepared.  In  this  case,  the 

wrapping  paper  is  carefully  removed  and  a membrane  substituted.  In 

most  cases,  impact  or  kneading  compaction  is  used.  Although  EM  1110- 

67 

2-1906  mentions  vibratory  compaction,  vibratory  compaction  is  only 
permitted  on  uniform  materials  where  segregation  is  not  a problem.  The 
specimens  should  be  compacted  in  layers , the  height  of  which  exceeds 
the  maximum  particle  size. 

It  may  be  necessary  to  place  a thin  layer  of  fine  sand  in  the 
bottom  layer  to  provide  a smooth  bearing  surface.  Likewise,  after  com- 
pacting and  trimming  the  topmost  layer  (it  may  be  necessary  to  remove 
large  particles  from  this  layer),  fine  sand  can  be  sieved  on  the  surface 
to  fill  in  the  voids  and  provide  a smooth  bearing  surface  for  the  top 
cap. 

I 
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Center  the  top  cap  and  lightly  tap  the  cap  to  level  and  ensure  a 
good  smooth  contact  of  the  cap  on  the  specimen.  A level  placed  on  top 
of  the  cap  is  used  to  check  leveling.  The  forming  mold  is  then  removed, 
the  membrane  placed  using  a membrane  stretcher  and  sealed  with  O-rings 
or  a hose  clamp,  and  a vacuum  applied.  Check  for  leakage  by  using  a 
bubble  chamber  or  closing  the  vacuum  line  and  observing  if  a vacuum  is 
maintained  in  the  specimen.  Specimen  dimensions  should  be  measured  to 
determine  density  conditions.  A w-tape  has  been  found  most  useful  for 
diametrical  measurements. 

PLACEMENT  OF  LVDT 

MEASUREMENT  CLAMPS 

Measure  the  diameter  as  accurately  as  possible  at  the  location  of 
the  LVDT  clamps  for  calculation  of  radial  strains.  Place  the  lower  LVDT 
clamp  in  the  specimen  at  approximately  the  lower  third  point  of  the 
specimen.  A "jig"  or  gage  rods  have  been  used  successfully  to  assist  in 
placing  the  clamps.  The  lower  LVDT  clamp  generally  holds  the  LVDT  body. 
Repeat  the  procedure  for  the  upper  clamp,  being  careful  to  align  the 
clamps  so  the  LVDT  core  matches  the  LVDT  body.  It  is  essential  that  the 
clamps  lie  in  a horizontal  plane  and  their  spacing  be  precisely  known 
for  calculating  the  axial  strain.  Again,  gage  rods  or  a "Jig"  in  con- 
junction with  a small  level  have  been  used  successfully  for  this  opera- 
tion. With  the  clamps  in  position  and  secured  by  the  springs,  a small 
amount  of  epoxy  (a  "5-min"  epoxy  has  been  used;  rubber  cement  was  found 
unacceptable)  is  placed  on  top  of  the  four  contact  points  and  allowed 
to  dry. 

Install  the  LVDT's  and  connect  the  recording  unit.  Generally, 
+0.0l+0-in.  LVDT's  are  used  for  radial  deformations,  while  +0. 100-in. 
LVDT's  are  used  for  axial  deformations.  Balance  the  vertical  spacing 
between  LVDT  clamps  or  check  gage  rods  for  secure  contact,  and  record 
LVDT  readings  and  spacing.  Remove  gage  rods  and  assemble  triaxial 
chamber.  Any  shifting  of  LVDT  clamps  during  chamber  assembly  will  be 
noted  by  LVDT  reading  changes  and  can  be  accounted  for. 
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RESILIENT  TESTING 


The  resilient  properties  of  granular  materials  are  dependent 
primarily  upon  confining  pressure  and  to  a lesser  extent  upon  cyclic 
deviator  stress.  Therefore,  it  is  necessary  to  conduct  the  tests  for  a 
range  of  confining  pressures  and  deviator  stress  values.  Generally, 
chamber  pressure  values  of  2,  4,  6,  and  10  psi  are  suitable.  Ratios  of 
a^/o^  of  2,  3,  4,  and  5 are  typically  used  for  the  cyclic  deviator 
stress.  Tests  should  be  conducted  in  an  undrained  condition  with 
excess  pressures  relieved  after  application  of  each  stress  state.  The 
testing  procedure  is  as  follows: 

_a.  Balance  the  recorders  and  recording  bridges  and  record  cali- 
bration steps. 

b.  Apply  about  2-psi  axial  load  as  a seating  load  simulating 

the  weight  of  the  pavement  and  ensuring  contact  is  maintained 
between  the  loading  piston  and  top  cap  during  testing. 

_c.  Condition  the  specimen  by  applying  500  to  1000  load  repeti- 
tions with  drainage  lines  open.  This  conditioning  stress 
should  be  the  maximum  stress  expected  to  be  applied  to  the 
specimen  in  the  field  by  traffic.  If  this  is  unknown,  a 
chamber  pressure  of  5 or  10  psi  and  a deviator  stress  (o^  - 
o^)  twice  the  chamber  pressure  can  be  used. 

d^  Decrease  the  chamber  pressure  to  the  lowest  value  to  be  used. 
Apply  200  load  repetitions  of  the  smallest  deviator  stress 
under  undrained  conditions , recording  the  resilient  deforma- 
tions and  load  at  or  near  the  200th  repetition.  After 
200  load  repetitions,  relieve  any  pore  pressures,  increase 
the  deviator  stress  to  the  next  highest  value , and  repeat 
procedure  over  the  range  of  deviator  stresses  to  be  used. 

£.  After  completing  the  stress  states  for  the  initial  confining 
pressure,  repeat  for  each  succeedingly  higher  chamber 
pressure. 

_f.  After  completion  of  the  loading,  remove  the  axial  load, 

apply  a vacuum  to  the  specimen,  release  the  confining  pres- 
sure, and  disassemble  the  triaxial  chamber. 

£.  Check  the  calibration  of  the  LVDT's  and  load  cell. 

h.  Dry  the  entire  specimen  for  determination  of  the  water 
content.  ' 


COMPUTATIONS  AND 
PRESENTATION  OF  RESULTS 


COMPUTATIONS 

The  computations  consist  of  the  following: 

a.  From  the  measured  dimensions  and  weights,  compute  and  record 
the  initial  dry  density,  degree  of  saturation,  and  water  con- 
tent using  the  equations  in  Appendix  II,  EM  1110-2-1906.  ^ 

b.  The  resilient  modulus  is  computed  and  recorded  for  each 
stress  state  using  the  following  formulas: 


(1) 

Resilient 

axial  strain  = AH  /H.  . 

R r l 

(2) 

Resilient 

lateral  strain  e.  = AD  /D.  . 

SL  r l 

(3) 

Deviator  : 

stress  a,  = AP/A 
d o 

(M 

Resilient 

modulus  'Mp  = a^/e^  . 

(5) 

Resilient 

Poisson's  ratio  . 

where 

AH^  = resilient  change  in  gage  height  (distance  between 
LVDT  clamps)  after  specified  number  of  load 
repetitions 

H.  = instantaneous  gage  height  after  specified  number  of 

load  repetitions.  Can  be  calculated  from  H - AH 

If  AH  is  small,  H can  be  used. 

o 

Hq  = initial  gage  height  or  distance  between  LVDT's  less 
adjustments  occurring  during  triaxial  chamber 
assembly 

AH  = permanent  change  in  gage  height 

AP  = change  in  axial  load,  maximum  axial  load  minus 
surcharge  load 

Aq  = original  cross-sectional  area  of  specimen 

ADr  = resilient  change  in  diameter  after  specified  number 
of  load  repetitions 

= instantaneous  diameter  after  specified  number  of 
load  repetitions.  Can  be  calculated  from  Dq  + AD 

Dq  = initial  specimen  diameter 

AD  = permanent  change  in  specimen  diameter 

PRESENTATION  OF  RESULTS 

Test  results  should  be  presented  in  the  form  of  plots  of  log  M^ 
versus  log  of  the  sum  of  the  principal  stresses  and  versus  the 


APPENDIX  E:  LABORATORY  PROCEDURE  FOR  DETERMINING 
THE  RESILIENT  MODULUS  OF  SUBGRADE  SOILS 
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The  objective  of  this  test  procedure  is  to  determine  a modulus 
value  for  subgrade  soils  by  means  of  resilient  triaxial  techniques.  The 
test  is  similar  to  a standard  triaxial  compression  test,  the  primary 
exception  being  that  the  deviator  stress  is  applied  repetitively  and  at 
several  stress  levels.  This  procedure  allows  testing  of  soil  specimens 
in  a repetitive  stress  state  similar  to  that  encountered  by  a soil  in 
a pavement  under  a moving  wheel  load. 

DEFINITIONS 

The  following  symbols  and  terms  are  used  in  the  description  of 
this  procedure: 

a.  = total  axial  stress. 

b. .  c_  = total  radial  stress;  i.e.,  confining  pressure  in  the 

triaxial  test  chamber. 

£.  ad  = °i  ” °3  = Aviator  stress;  i.e.,  the  repeated  axial 

stress  in  this  procedure. 

d.  e.  = total  axial  strain  due  to  a,  . 

— x a. 

e_.  Ep  = resilient  or  recoverable  axial  strain  due  to  . 

_f.  e0  = resilient  or  recoverable  axial  strain  due  to  . 

= = resilient  modulus, 

h.  Vp  = = resilient  Poisson’s  ratio. 

i_.  0 = o^  + 2o  = + 30o  = sum  of  the  principal  stresses  in 

the  triaxial  state  of  stress. 

J_.  = principal  stress  ratio. 

k_.  Load  duration  = time  interval  over  which  the  specimen  is 

subjected  to  a deviator  stress. 

1_.  Cycle  duration  = time  interval  between  successive  applica- 
tions of  a deviator  stress. 

SPECIMENS 

Various  diameter  soil  specimens  may  be  used  in  this  test,  but  the 
recommended  specimen  diameter  is  2.5  to  3.0  in.,  or  at  least  four  times 
maximum  particle  size  for  granular  materials.  The  specimen  height  should 
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be  at  least  twice  the  diameter.  Undisturbed  or  laboratory  molded  speci- 
mens can  be  used.  Procedures  for  obtaining  undisturbed  soil  specimens 

co 

are  given  in  Engineer  Manual  EM  1110-2-1907,  "Soil  Sampling."  Methods 

for  laboratory  preparation  of  molded  specimens  and  for  back-pressure 

saturation  of  specimens,  if  required,  are  presented  in  EM  1110-2-1906, 

67 

"Laboratory  Soils  Testing." 

EQUIPMENT 

TRIAXIAL  TEST  CELL 

The  triaxial  cell  in  Figure  El  is  suitable  for  use  in  resil- 
ience testing  of  soils.  This  equipment  is  similar  to  most  standard 
cells,  with  the  exceptions  of  being  somewhat  larger  to  facilitate  the 
internally  mounted  load  and  deformation  measuring  equipment  and  having 
additional  outlets  for  the  electrical  leads  from  the  measuring  devices. 
For  the  type  of  equipment  shown,  air  or  nitrogen  is  used  as  the  cell 
fluid. 


REPETITIVE  LOADING  EQUIPMENT 

The  external  loading  source  may  be  any  device  capable  of  providing 
a variable  load  of  fixed  cycle  and  load  duration,  ranging  from  simple 
cam-and-switch  control  of  static  weights  of  air  pistons  to  a closed-loop 
electrohydraulic  system.  A load  duration  of  0.2  sec  and  a cycle  dura- 
tion of  3 sec  have  been  found  to  be  satisfactory  for  most  applications. 

A haversine  wave  form  is  recommended;  however,  a rectangular  wave  form 
can  be  used. 

DEFORMATION  AND  LOAD 

MEASURING  EQUIPMENT 

The  deformation  measuring  equipment  consists  of  linear  variable 
differential  transducers  (LVDT's)  attached  to  the  soil  specimen  by  a 
pair  of  clamps.  The  transducers  should  have  a high  resolution  and  a 
small  range  to  measure  the  extremely  small  resilient  deformations.  Two 
LVDT’s  are  used  for  the  measurement  of  axial  deformation,  and  two  for 
the  measurement  of  lateral  deformation.  The  clamps  and  LVDT's  ewe  shown 
in  position  on  a soil  specimen  in  Figure  El,  and  the  details  of  the 
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clamps  in  Figure  E2.  Load  is  measured  by  placing  a load  cell  between 
the  specimen  cap  and  the  loacing  piston  (Figure  El).  The  load  cell  must 
be  small  enough  so  that  no  significant  inertial  forces  are  developed, 
and  the  capacity  should  be  no  greater  than  2 to  3 times  the  maximum 
applied  load. 

Use  of  the  type  of  measuring  equipment  described  above  offers 
several  advantages: 

a.  It  is  not  necessary  to  reference  deformations  to  the  equip- 
ment, which  deforms  during  loading. 

b^  The  effect  of  end-cap  restraint  on  soil  response  is  virtually 
eliminated. 

£.  Any  effects  of  piston  friction  are  eliminated  by  measuring 
loads  inside  the  triaxial  cell. 

ADDITIONAL  EQUIPMENT 

In  addition  to  the  equipment  described  above,  the  following  items 
are  also  used: 

a.  A 10-  to  30-ton-capacity  loading  machine. 

b.  Calipers,  a micrometer  gage,  and  a steel  rule  (calibrated 
to  0.01  in. ). 

£.  Rubber  membranes,  0.01  to  0.025  in.  thick. 

Rubber  0-rings. 

£.  A vacuum  source  with  a bubble  chamber  and  regulator. 

A back-pressure  chamber  with  pressure  transducers. 

£.  A membrane  stretcher. 

h.  Porous  stones . 

It  is  also  necessary  to  maintain  suitable  recording  equipment. 

It  is  desirable  to  have  simultaneous  recording  of  load  and  deformation. 
The  number  of  recording  channels  can  be  reduced  by  wiring  the  leads  from 
the  LVDT’s  so  that  only  the  average  signal  from  each  pair  is  recorded. 
The  introduction  of  switching  and  balancing  units  permits  use  of  a 
single-chamber  recorder.  However,  this  will  not  permit  simultaneous 
recording. 


PREPARATION  OF  SPECIMENS  AND 
PLACEMENT  IN  TRIAXIAL  CELL 


The  following  procedures  should  be  followed  in  preparing  and 
placing  specimens: 

a.  In  accordance  with  procedures  specified  in  EM  1110-2-1906, 
prepare  the  specimen  and  place  it  on  the  baseplate  complete 
with  porous  stones,  cap,  and  base  and  equipped  with  a rubber 
membrane  secured  with  0-rings.  Check  for  leakage.  If 
back-pressure  saturation  is  anticipated  for  cohesive  soils, 
procedures  indicated  in  Appendix  X to  EM  1110-2-1906  for  the 
Q-type  triaxial  tests  should  be  followed.  For  purely 
noncohesive  soils,  it  will  be  necessary  to  maintain  the 
vacuum  during  placement  of  the  LVDT's.  The  specimen  is 

now  ready  to  receive  the  LVDT's. 

b.  Extend  the  lower  LVDT  clamp  and  slide  it  carefully  down  over 
the  specimen  to  approximately  the  lower  third  point  of  the 
specimen. 

c.  Repeat  this  step  for  the  upper  clamp,  placing  it  at  the  upper 
third  point.  Ensure  that  both  clamps  lie  in  horizontal 
planes. 

Connect  the  LVDT's  to  the  recording  unit,  and  balance  the 
recording  bridges.  This  step  will  require  recorder  adjust- 
ments and  adjustment  of  the  LVDT  stems.  When  a recording 
bridge  balance  has  been  obtained,  determine  (to  the  nearest 
0.01  in.)  the  vertical  spacing  between  the  LVDT  clamps  and 
record  this  value. 

e_.  Place  the  triaxial  chamber  in  position.  Set  the  load  cell 
in  place  on  the  specimen. 

£.  Place  the  cover  plate  on  the  chamber.  Insert  the  loading 
piston,  and  obtain  a firm  connection  with  the  load  cell. 

£.  Tighten  the  tie  rods  firmly. 

h_.  Slide  the  assembled  apparatus  into  position  under  the  axial 
loading  device.  Bring  the  loading  device  to  a position  in 
which  it  nearly  contacts  the  loading  piston. 

i_.  If  the  specimen  is  to  be  back-pressure  saturated,  proceed 
in  accordance  with  EM  1110-2-1906. 

After  saturation  has  been  completed,  rebalance  the  recorder 
bridge  to  the  load  cell  and  LVDT's. 

RESILIENCE  TESTING  OF  COHESIVE  SOILS 

The  resilient  properties  of  cohesive  soils  are  only  slightly 
affected  by  the  magnitude  of  the  confining  pressure  . For  most 
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applications,  this  effect -can  he  disregarded.  When  hack-pressure 
saturation  is  not  used,  the  confining  pressures  used  should  approximate 
the  expected  in  situ  horizontal  stresses.  Chamber  pressures  of  2,  h , 
and  6 psi  should  be  used.  If  hack-pressure  saturation  is  used,  the 
chamber  pressure  will  depend  on  the  required  saturation  pressure. 

Resilient  properties  are  highly  dependent  on  the  magnitude  of 
the  deviator  stress  . It  is  therefore  necessary  to  conduct  the 
tests  for  a range  in  deviator  stress  values.  Deviator  stresses  ranging 
from  2 to  1 6 psi  are  recommended.  The  following  procedure  should  be 
followed : 

£i.  If  hack-pressure  saturation  is  not  used,  connect  the  chamber 
pressure  supply  line  and  apply  the  confining  pressure  (equal 
to  the  chamber  pressure).  If  back-pressure  saturation  is 
used,  the  chamber  pressure  will  already  have  been  established. 

b.  Rebalance  the  recording  bridges  for  the  LVDT's,  and  balance 
the  load  cell  recording  bridge. 

_c.  Begin  the  test  by  applying  500  to  1000  repetitions  of  a 
deviator  stress  of  not  more  than  one-half  the  unconfined 
compressive  strength. 

d^.  Decrease  the  deviator  load  to  the  lowest  value  to  be  used. 
Apply  200  repetitions  of  load,  recording  the  recovered 
vertical  deformation  at  or  near  the  last  repetition. 

e_.  Increase  the  deviator  load,  recording  deformations  as  in 
Step  d.  Repeat  over  the  range  of  deviator  stresses  to  be 
used. 

_f.  At  the  completion  of  the  loading,  reduce  the  chamber  pressure 
to  zero.  Remove  the  chamber  LVDT's  and  load  cell.  Use  the 
entire  specimen  for  the  purpose  of  determining  the  moisture 
content . 

COMPUTATIONS  AND  PRESENTATION 
OF  RESULTS  FOR  COHESIVE  SOILS 

Computations  consist  of  the  following: 

a.  From  the  measured  dimensions  and  weights,  compute  and  record 
the  initial  dry  density,  degree  of  saturation,  and  water  con- 
tent using  the  equations  in  Appendix  II,  EM  1110-2-1906. 

b.  The  resilient  modulus  is  computed  and  recorded  for  each  stress 
state  using  the  following  formulas: 

(l)  Resilient  axial  strain  = AH  /H.  . 

n r i 


(2)  Resilient  lateral  strain  e„  = AD  /D.  . 

I r 1 

(3)  Deviator  stress  a,  = AP/A  . 

d o 

(h)  Resilient  modulus  = o^/z^  . 


where 


AH^  = resilient  change  in  gage  height  (distance  between 
LVDT  clamps)  after  specified  number  of  load 
repetitions. 

= instantaneous  gage  height  after  specified  number  of 

load  repetitions.  Can  be  calculated  from  H - AH  . 

If  AH  is  small,  H can  be  used. 

o 

Hq  = initial  gage  height  or  distance  between  LVDT's  less 
adjustments  occurring  during  tri axial  chamber 
assembly 

AH  * permanent  change  in  gage  height 

AP  * change  in  axial  load,  maximum  axial  load  minus 
surcharge  load 

Aq  = original  cross-sectional  area  of  specimen 

ADf  * resilient  change  in  diameter  after  specified  number 
of  load  repetitions 

D^  = instantaneous  diameter  after  specified  number  of 

load  repetitions.  Can  be  calculated  from  Dq  + AD  . 

Dq  =*  initial  specimen  diameter 

AD  * permanent  change  in  specimen  diameter 
The  results  of  the  resilience  tests  can  be  presented  in  the  form 
of  a summary  table,  such  as  Table  El,  and  graphically  as  shown  in  Fig- 
ure E3  for  the  resilient  modulus. 


RESILIENCE  TESTING  OF 
COHESIONLESS  SOILS 


The  resilient  modulus  of  cohesionless  soils  is  dependent 

upon  the  magnitude  of  the  confining  pressure  o^  and  is  nearly  inde- 
pendent of  the  magnitude  of  the  repeated  axial  stress.  Therefore,  it 
is  necessary  to  test  cohesionless  materials  over  a range  of  confining 
and  axial  stresses.  (The  confining  pressure  is  ?;qual  to  the  chamber 
pressure  less  the  back  pressure  for  saturated  specimens.)  The  following 
procedures  should  be  used  for  this  type  of  test: 

a.  Use  confining  pressures  of  2,  U , 6,  and  10  psi.  At  each 
confining  pressure , test  at  four  values  of  the  principal 
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Table  El 


Figure  E3.  Presentation  of  results  of  resilience 
tests  on  cohesive  soils 
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stress  difference  corresponding  to  multiples  (2,  3,  k,  15) 
of  the  cell  pressure . 

b.  Before  beginning  to  record  deformations,  apply  a series  of 
conditioning  stresses  to  the  material  to  eliminate  initial 
loading  effects.  The  greatest  amount  of  volume  change  occurs 
during  the  application  of  the  conditioning  stresses.  Simula- 
tion of  field  conditions  suggests  that  drainage  of  saturated 
specimens  should  be  permitted  during  the  application  of  these 
loads  but  that  the  test  loading  (beginning  in  Step  _f  below) 
should  be  conducted  in  an  undrained  state. 

c.  Set  the  axial  load  generator  to  apply  a deviator  stress  of 
10  psi  (i.e.,  a stress  ratio  equal  to  3).  Activate  the  load 
generator  and  apply  200  repetitions  of  this  load.  Stop  the 
loading. 

d.  Set  the  axial  load  generator  to  apply  a deviator  stress  of 
200  psi  (i.e.,  a stress  ratio  equal  to  5).  Activate  the 
load  generator  and  apply  200  repetitions  of  this  load.  Stop 
the  loading. 

e_.  Repeat  as  in  Step  d_  above  maintaining  a stress  ratio  equal 
to  6 and  using  the  following  order  and  magnitude  of  con- 
fining pressures:  10,  20,  10,  5»  3,  and  1 psi. 

f.  Begin  the  record  test  using  a confining  pressure  of  2 psi  and 
an  equal  value  of  deviator  stress.  Record  the  resilient 
deformation  after  200  repetitions.  Increase  the  deviator 
stress  to  twice  the  confining  pressure  and  record  the 
resilient  deformation  after  200  repetitions.  Repeat  until 
a deviator  stress  of  U times  the  confining  pressure  is 
reached  (stress  ratio  of  5)- 

£.  Repeat  as  in  Step  f_ above  for  each  value  of  confining 
pressure. 

h.  When  the  test  is  completed,  decrease  the  back  pressure  to 
zero,  reduce  the  chamber  pressure  to  zero,  and  dismantle 
the  cell.  Remove  the  LVDT  clamps,  etc.  Remove  the  soil 
specimen,  and  use  the  entire  amount  of  soil  to  determine 
the  moisture  content. 

COMPUTATIONS  AND  PRESENTATION 
OF  RESULTS  FOR  COHESIONLESS  SOILS 

Computations  are  similar  to  those  for  cohesive  soils.  The  ratio 
of  axial  and  confining  stress  and  the  first  stress  invariant  are  added. 
Tests  results  can  be  presented  in  the  form  of  a summary  table,  such  as 
Table  E2,  or  a plot  of  log  Mp  versus  log  of  the  sum  of  the  principal 
stresses  (Figure  EU). 


LOG 


LOG  SUM  OF  PRINCIPAL  STRESSES  8,  PSI 

Figure  EH.  Presentation  of  results  of  resilience 
tests  on  cohesionless  soils 


APPENDIX  F:  USER  INFORMATION  FOR  THE 
BISAR  COMPUTER  PROGRAM 

INTRODUCTION 

The  copyright  of  much  of  the  information  provided  herein  is 
vested  in  Shell  Research  N.V.  The  information  is  published  with  the 
expressed  permission  of  the  Shell  Oil  Company  and  Koninkli jke/Shell 
Laboratorium , Amsterdam  (KSLA).  Use  of  the  BISAR  computer  program  in 
any  design  procedure  other  than  the  procedure  contained  in  this  document 
is  prohibited  without  written  permission  from  KSLA.  It  may  not  be 
included  in  a library  of  programs  maintained  for  commercial  purposes  by 
sellers  of  computer  services  nor  used  in  any  other  way  which  results 
in  payment  of  fees  to  the  possessor  of  the  program  solely  for  the 
usage  of  the  program.  When  reference  is  made  to  the  results  obtained 
with  the  program,  acknowledgement  should  be  given  to  KSLA. 

The  information  provided  herein  is  as  follows: 
ji.  Program  listing, 
b.  Input  guide. 

c_.  Example  problem  with  coded  data  and  program  output. 

The  listing  provided  is  identical,  except  for  a few  minor  modifi- 
cations, to  that  for  the  program  received  by  the  WES  from  Shell  in  197^. 
The  modifications  made  at  the  WES  are  primarily  changes  in  input  format 
and  changes  necessary  for  the  program  to  run  on  a Honeywell  6000  series 

computer.  The  information  provided  with  the  input  guide  was  extracted 
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from  the  User's  Manual  for  the  BISAR  computer  program.  The  data  for 
the  example  problem  were  developed  at  the  WES,  and  the  output  given  is 
from  a Honeywell  6000  computer  located  there. 

PROGRAM  LISTING 

A complete  listing  of  the  computer  program  is  presented  on  the 
following  pages. 
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>0010 
[N002W 
>0030 
: MOOttu 
>005u 
>OObU 
; noo  7w 

>U08U 
>0090 
NOIOV 
>01  1U 
>0120 
>0130 
>0100 
NOISO 
>0160 
>0170 

>oieo 

>0190 

>0200 

>0210 

N0220 

N023O 

>0200 

>0280 

>0260 

>0270 

>0260 

>0290 

>0300 

>0310 

>0120 

>0310 

>0300 

>0350 

>0360 

>0170 

>0360 

>0390 

>0000 

>0010 

N0O2O 

N0O30 

>0000 

>0050 

N0060 
NO  0 7 0 

sooeo 

N0090 

NOS0O 

N05IO 

N0520 

>0510 

N0500 

NOSSO 

N056O 

N0570 

N0560 

N059O 

N0600 

N0610 


computation  oi  stresses, strains  and  ma 

0 1 SPL  ACE  ME  NTS  In  LAYERED  tLASTIC  SYSTEMS  ma 
ThIS  PROGRAM  (.AlCULATtS  T Hfc  K)U10»ING  ha 

STRESSES, STRAINS  AM)  DISPLACEMENTS  MA 

1)  RADIAL  DISPLACEMENT  MA 

2)  tangential  displacement  ma 


VtMTICAL  DISPLAC 
RADIAL  STRESS 

TANGENTIAL  STRESS 
VERTICAL  stress 
RAO  I AL  AND  TANGENTIAL  STRtSS 
RADIAL  AND  VERTICAL  STRESS 


DISPLACEMENTS^ 


9 ) T anUENT 1 AL  AND  VERTICAL 


STRESS 

STRESS 

strain 


RADIAL  strain 
tangential  strain 
VERTICAL  strain 
radial  and  Tangential  strain 
RADIAL  and  VERTICAL  STRAIN 


1 5 ) T ANGENT I AL  and  VERTICAL 

MASTERPRUGRAM 


strain 

strain 


PURPOSE  MA 

MA 

This  MASTERPROGHAM  reads  DATA  nmICm  ha 
DETERMINE  The  PHYSICAL  behaviour  01  MA 
the  SYSTEM  01  LAYERS  AND  MMICH  MA 

OESCRIHE  The  CONI IGuRaT ION  OF  THE  LOAOS.MA 
FOR  EACH  SYSTEM  The  REQUIRED  STRESSES  ma 
STRAINS  ANO  DISPLACEMENTS  ARE  READ  IN,  MA 
Then  ThE  COORDINATES  OF  EACH  POSITION  MA 
ARE  RE AO , PA 

FllR  A COMPLETE  I NPUT-0E  SCR  IP  T I ON  SEE  HA 
GROUP  EXTERNAL  REPORT  AMSR,  ,72  MA 

SYS1EM  DATA  ARE  OUTPUl TfcU  BY  MA 

1)  SYSTEM  MA 

AFTER  SU6SE UUENT  CALLING  IN  OF*  MA 

2)  MAC  ON  1 MA 

3)  CONSYS  MA 

0)  MA2C0N  MA 

5)  CONPNT  MA 

61  ASYMPT  MA 

7}  GENOA T MA 

6)  INGHAL  MA 

The  STRESSES, STRAINS  AND  DISPLACEMENTS  MA 
ARE  CALCULATED  AND  AFTER  SUBSEQUENT  MA 

CALLING  IN  OF*  MA 

9)  CALC  "A 

I010UTPU1  MA 

I I ) JACOBI  MA 

I21ES0RT  ma 

MAIN  OUTPUTS  UR  MAS  ALREADY  OUTPUTTED*  MA 
•ALL  STRESSES, STRAINS  and  DISPLACEMENTS.  MA 
INDUCED  BY  EACH  LUAD  SEPARATELY  AND  MA 

EXPRESSED  IN  CYLINDRICAL  COMPONENTS,  ma 

-all  total  STRESSES  STRAINS  AND  DISPLACE-  ma 
"EnTS  EFPmESSED  IN  LARTESIAN  COMPONENTS,  ma 
PRINCIPAL  TOTAL  STRESSES  AND  STRAINS, MA 
«ITh  tHEIR  PRINCIPLE  OIRELTIunS,  ma 

MA1IMUM  total  SMEAR  STRESSES  AND  ma 
strains. «1Tm  THEIR  PRINCIPLE  DIRECTIONS  ma 
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.The  MIDPOINTS  of  The  THREE  ACCOMPANY  INC  MA 
MOHR'S  CIRCLES,  MA 
•THE  total  STRAIN  ENERGY  AND  strain  HA 
ENERGY  OF  DISTORTION,  ha 


LOGICAL  STRESS.EPS, WLOn, A 10 (27 >,N,L,N2,L2.NZIP,NZEU 

INTEGER  »EOEST(27),IU(J),OATE(5),ISTRSS(27),InTv(10),IVE»I(7), 

♦ I v£R2 ( 1 0 ) 

real  NU»  *S • mU.LOSTRS (101, HUSTH ( 10 ) ,LOAO ,INT(17),V(IS),X(10)«V(10)| 
«A( J, J),HM(3,J),ft(J),C(39),B(S.3), TEXT(20),ACCUR(3),PSI(10),AK(9), 

♦ ALM«) 

DOUBLE  PRECISION  CZ,ELLE ,ELL* 

COMMON/ A SC T /la  YER.NL A YS,M,R,E,NU(10),ALCUR,LOAO,HOSTRS,N2EROS,H(9! 

♦ ,RS(!O>,E(1O),AL(9),ThICM9).RAO1US(10) 
COhmON/STROTA/STRESS(27),EPS(17),RLOh,ST,CT,L.ACC 
C0MM0N/C0'.ST/C2,tLLE .ELLA , ALMBOA 

COmmon/CNTING/F  10«1  ,f  I00,M0I,M1NJ,MI"I,M10,HU 

COMMON/TAPE /NOUT 

DATA  nBLAN«,ISTRSS,IRCF1,IREF2/ 

•."UR  • , "UT  "."UZ  ‘,,"SRR,,,STT",,SZZ","SRT",,SRZ","STZ*,"ERR' 
♦,,ETT,,*tZZ“»*ERT*,*ERZ*,*ETZ*,"UA  "."UV  •,*S*X',."SXY«,"S*Z«,»Syy’ 
♦,,SYZ*,,Ea*«,»EAY»,»EXZ",*EYY«,«EY,’,"LOAO*,»STRS"/ 

0*»A  REUEST/'UR  *,»UT  «,»UZ  •,"SRR,,"STT«,*SZZ",,SHT*,«SRZ»,»STZ-1 
I *E  HR" , 

Z’ETTM.MEZZ’.’ERT^.^ERZ’.’ETZ’^UX  ■,’UY  •»*S*x"#,SXY*,,5XZ*,,SYY», 
I'STZ'.’EH'.'EIY'.'ETI'.'EYY'/EY  •/ 

DATA  IYER) ,I«ER2/1,2,S, 6, 7, IS, To, 9,5, 0,9,10,11,12, 15, 16, 1 7/ 

DATA  I0EnT/*L0A0*/ 


N0620 
N06  JO 

NQoaO 
N0b50 
N 0 6 6 0 
NObTO 
NO  68  0 
N0690 
NO  700 
NO  7 1 0 
NO  7 1 1 
N0720 
NO  7 JO 
N07RO 
N07SO 
NOTeu 
NO  7 70 
NO  7 80 
NO  790 
N0600 
N0810 
N0620 


HAIN08JO 


THESE  ARE  Three  ACCURACIES 
ACCUR(t)  IS  USED  FOR  TESTING  SEVERAL 

VARIABLES  AGAINST  EACH  OTHER, 
ACCUR (2)  IS  USED  FOR  AbSOLUTE  ACCURACY 
of  the  integration  procedure 

ACCUR ( J ) IS  USE 0 FOR  RELATIVE  ACCURACY 
OF  THE  INTEGRATION  PROCEDURE 

NIN  , 

NOUT  ARE  SYMBOLIC  names  FOR  INPUT  ANO 

OUTPUT  MEDIA  RESP. 


ACC  UR  ( 1 ) » 1 , OE  *0A 
*CCuR ( 2 ) • 1 , OE«A 
ACC  UR ( J ) » 1 . OE • J 
ACC«ACCUR<|  ) 
N1N»5 
NOUT  BA 
v2>l,«t«2IR 
•RITE (NOUT, 9000) 


READ  TEXT  AND  OATE  CARO 


MAIN08S0 
HAIN086O 
HAIN0870 
haInORBu 
HA  I N0890 
HA)N0900 
HA  I N09 1 0 
HAIN092O 
HA1N09J0 
HA  I N09OO 
• H A I N0950 
MAIN0960 
HA  I N0970 
M A I N 0 98  0 
MA1N0990 
HAJN1000 
HA  IN) 0 l 0 
MA IN  1 020 
MAIN10J0 
•MAIN) 000 
MAIN) 050 
.MAIN1060 


RE  AO(NlN,9O10)T£XT 
"RITE (NOUT ,R020)TEXT 


READ  NUMBER  OF  SYSTEMS  ANO  SET  LUUP 


•MAINI09O 
MAIN) 100 
• HA  INI  I | 0 


REAO(NIN,«OJO)NSYS 
800  FORMAT ( V ) . 

DO  "60  IStS*I ,NSYS 


HAINU  JO 

■•••••••••••■•••••••••••••••••••••••••■••••MA I N) 190 

READ  NUMBER  OF  LOVERS  and  THEIR  PARAMETERSMAIni ISO 
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C .... ...... ..... . MAIN1  160 

read (nin.ro  jo  inlays, isno.ireo 

IMH»Y5.£U,II  GO  TO  10  HAINltSO 

m*nlavS-1  HA1N1190 

DO  JU  I«1.H 

Jt  1 HE  *0  ININ,  9050  )E  (I)  ,NU(I  ).  thick  ( I),  AMI ) 

10  NE40(NIN,9050)E(NLAYS),NU(NLAY5) 

C ............... ................................................... INI  220 

c HEAD  NUMBER  Of  LOADS  A Ho  THE  1 H PARAMETERS  HAIN12J0 

....................................... ...___MA1N1240 

HEAO(N1H,«OJO)HLOAD 

hZEP  « .FALSE,  HAIN|2«0 

nZE  Q » .FALSE.  HA1H1270 

00  Jo  Isl.NLOAO  HAIN1280 

HEAO(HIH,<»OSO)LOStHS(t),HAOIUSCI),*(n.T(I)»HOSTH(II,PSI(n 

PSI(I)*.0!745JJ»PSI(I>  HAIH1J10 

If  (LOSTHS(  I ).r.T.ACCUH(  1 ) ) H/EP  ■ , TWUE  , HA  I N 1 J2U 

if  cHosTH(n.i.T,AccuH(in  nzeq  * ,thue.  mainujo 

If (IDEHT.EU.IHEf I)  CO  Tb  20  mainijuu 

lF(IDENl,HE,IHEf2)  »RITE(NOUT,9040)  LOS TNS ( I) . HOS TR ( I ) HAIn|JSO 

GO  10  JO  MAJHIJ6U 

20  LOSIHS(I)  * LD$TRS(I)/(J.141S9*HA0IUS(1)*HADIUS(I))  HAIN1J7U 

HOST  H ( | ) s H0STR(1)/(J.141S9*RA0IU$(I)*RA0IUS(I))  HAlNIJttU 

JO  CONTINUE  HA  I HI J9U 

C>— ................................................. ........HA  I HI  <4 10 

c TES1  OH  OBVIOUS  MISTAKES  IH  SySTEm*S  OAT a-ha in  1 a \ l 

c CAROS.  HAIN1«|* 

c MHEH  IHEO  X 0 The  REDUCED  SPRI HGCOHPL I AN.  haIhIAIJ 

C CE  HAS  READ,  HAltflutu 

c A non. VANISHING  SLIPHESISTANCE  IS  SUHSTI.  HAIN1A20 

C TUTEO  TO  PREVENT  RIGID. BOOT  NOTION  OF  THE  HAIN14J0 

C TOPLAVERS  HAIH1UA0 

C... ....... ... ................................................... .......HA IHIUSO 

DO  SO  J « l.NLAYS  HAlHtaGO 

If (<1.0-nu(J)).LT.ACCUR(1)I  GO  TO  410  HAIN1A61 

IF  CE  (J).LT.ACCUR(l))  GO  To  420  M4IN14b2 

IFU.E0.NLATS1  Go  TO  So  HAlNlUbJ 

If (IREO.EU.O)  GO  TO  40  HAlNlAbA 

A L A ( J ) s A ¥ ( J ) HAINIUbS 

If (ALK(J).LT. 1000,0. OR, .NOT. NZEO)  GO  TO  SO  HA  I N l ubb 

ALA(J)  > 1000.0  ha  I H 1 4 b 7 

AMJ)  s 1000,0  HAIMUbO 

GO  TO  50  HA1N1A70 

•0  AL*(J)  ■ AK(J)«E(J)/(1,0*NU(J)>  HAIH1A71 

If (ALAlJl.Lt. 1000.0. OR, .NOT, NZEO)  GO  TO  50  MAIN14T2 

ALMJ)  « 1000.0  HAIN107J 

AMJ)  « ALA ( J ) * ( 1 ,0«NU( J ) ) /E ( J ) HA  I N | 4 7 A 

SO  CONTINUE  MAIM4B0 

c>. ..HA  IN  1490 

c output  of  all  physical  data  of  systeh  haimsoo 

C AND  LOADS  BY  CALLING  IN  SYSTEM,  HAlHlSIO 

C - ....................... .... ..... .... .maInISZU 

CALL  SYS  TEH ( ISYS,E.nu,ThICa,Aa,nlAYS,h,nl0A0,L0S1RS,huSTR,ALA,  ha  I HIS  JO 
♦ RADIUS.  I,  Y.PSI.  ISHO,  IREO)  HAIMS40 

IF(,hOT,nZEP.ahD..nuT.nZEO)  GO  TO  430  hainISSO 

c — .......MAINlSbU 

C CALCULATION  OF  CONSTANTS  USED  in  SUHROU-  HAIHI570 

C T 1 Nt  MATRIX  10  BUILT  UP  VARIOUS  HAIR1CES  HAINISSO 

C BY  CALLING  IN  MACON!,  MAINI590 

c ....................................... .........HA  INI bOO 

CALL  «ACONl(lSNO,AL«tNEHSYS)  MAINlblU 
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•0  IF  (NfSYS.EU.O)  CO  To  70 

CALL  $VSTEM( ISVS.E.NU,  THICK, AX.NLAVS.M.NLOAO.LOSTRS.HOSTR.ALa 
♦ RADIUS, X,V,PSl,ISMO,IRED> 

C ................. 

C READ  STRESSES, STRAINS  AND  0 1 SPL AC EMENT S 

C TO  BE  CALCULATED. 

c ............................................................. ........ 

70  CONTINUE 

DO  90  lsl#27 

IF (h£UEST(I).FO.nblan«)  go  TO  00 

IF(HEUEST(I).nE.ISTRSS(I))  «NITE(NOUT,9070)  1STRSSU) 

A 1 0 i I ) 9. TRUE • 

GU  TO  90 

SO  AID(I)a, FALSE. 

90  CONTINUE 

C- ....... ..... .... ... 

C CONSTS  DETERMINES  FOR  EACH  SYSTEM  mhICm 

C SIKESStS, STRAINS  AND  DISPLACEMENTS  MILL 

C BE  CALCULATED, 

c ......... .................... ........... ... ....... 

CALL  CONSrS(AIO,NZEP'NZEG,N,L) 

C— ........................ ... 

c RE  AO  NUMbER  OF  POSITIONS  AND  SET  LOOP 

C— ................................................... ..... 

100  RE AO ( Nl N , 9010 )NPOS 

00  MOO  IPOSMl.NPOS 
n2  > N 
L2  ■ L 

do  no  iai,s 
oo  no  jai.s 
no  aii,j)io,o 

c ..................................................................... 

C RE AO  POINT  COORDINATES  AND  LAVERNUMHER, 

c ..................................................... .... 

READ(NlN,90b0)LAVER,AX,AV,DEPTH,ETA 
ETA*,017mS))»ETA 
IFCNLATS.EU.l)  LAtER»I 

«RI TE (NUUT ,9090)  IPOS, LAVER, AX, AT, DEPTH 

Tminai.oEaTO 

IF(nlavS.EU.I)  GO  TO  1)0 
JaLAVEHM 

JA«IN0(J,M) 

00  120  Ia|,J 

IF(ThICA(I).LT.TMIN)  Tmi NaTMlCX ( I ) 

120  CONTINUE 

1)0  UX80.0 

UVaO.O 
UZaO.O 
MUMNU(LATER) 

FTa(|.0*MU)/E(L*VER) 

C ............................ ................ .................... 

C SET  LOOP  FOR  number  OF  LUADS. 

C ....... ......... .... 

00  ))0  1 a I , nlOAD 
DO  1M0  Ja l , | 7 
190  INTIJiaO.O 

DU  ISO  Ja 1 , 27 

ISO  STRESS(J)baID(J) 

IFCNLATS.EU.l)  GO  TO  l»0 

c.......... .... .............. — 

c CALCULATION  OF  CONSTANTS  NEEDED  FOR  THE 


MA I N| 9)9 
MAlNlfcMO 
MAIN16SU 
MAIM66U 
MAIN167U 

MA IN168U 
'MAIN  169V 

MAIN171U 
MAIN1720 
MAIN) 7)9 
HAINI7M0 
MAINI7SU 
MAIN! 7bU 
MAIN1770 
MAIN17B0 
MAIN) 790 
MA IN) SOU 
MAIN1S1U 
MAIN102U 
MAIN|0)V 

■ MAINISMO 
MAIN19S9 
MAINISMO 

MAINISSO 
MA I N 1 69U 
MAIN) 90  9 
MAI *19)0 
MA1N192U 
MA I N 1 910 
MAIN19MU 
MAIN19SU 
MAIN1990 

M A I N 1 990 
MA1N1990 
MAIN2000 
MAI N2  010 
MAIN202O 
MAIN20)0 
MA I N20MO 
MAIN20S0 
MAIN209U 
MA1N207O 
MA I N2080 
PA1N209U 
MAI N2 1 OO 
MAI N2 11 0 
HAIN2120 

■ MA  I N2  1 )0 
mai n2 1 av 

■ MAIN2ISV 
MAIN2I90 
MAIN2170 
MAI n2 ISO 
MAI N2 190 
MAIN2200 
MAIN22I0 
■MA1N2220 
MAIN22IU 
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w 


c 

c 

c 

c— — 

c- 

c 

c 

c 

c— — 

160 


1 70 
180 


190 

200 

210 

220 

210 


C 

c 

c 

c 

c 


c 

c 

c 

c 

c 

c 


c 

c 

c 

c •••• 

2*0 


EVALUATION  OF  THE  CHARACTERISTIC  f UNC T I - MA 

ONS  IN  MATRIX  BY  CALLING  in  MA2C0N,  ma 

MA2CUN,  HA 



CALL  MA2C0M thin, I , ISNU.ALA)  ma 

......M  A 

DETERMINATION  07  POINT  COuRDINATtS  IN  THE  MA 

CYLINDRICAL  coordinate  SYSTEM  *ITh  LOAD-  ma 

AXIS  AS  AXIS  Of  SYMMETRY,  MA 

..M  A 

1F(X(I1,Eu.AX,ANU.Y(I).EO,AV)  00  TO  170  MA 

TMETA*ATAN2((AY»Y(I)),(AX»Xll) J).PSI(I)  MA 

GO  TO  180  MA 

Tmeta*ETa.PSI (I)  MA 

RA00IS«S<1RT ((A*-X(l)),,2*(AV.Y(I))»*2)  ma 

••Rl  Tt  (NOUf  ,9100)  l .HAOOIS,  TMtTA  MA 

RaRADOlS/RAOlUS  ( I ) MA 

2«OERTM/«AOIliS(I)  MA 

IF (SLAYS, Eu, 1 ) CO  TO  230  MA 

IFTLAYER.CT.l ) GO  TO  210  ma 

IF <Z.GT..ACCUR< I J.AND.Z.LT. (H(l )»*CCUR(l) ) ) GO  TO  210  MA 

»RITE(N0UT,9110)  MA 

GO  TO  900  MA 

IFCLAYtfl.LT.NLAYS)  GO  TO  220  MA 

IF (Z.GT.(H(M).aCCUR(I )))  GO  TO  230  MA 

GO  TO  200  MA 

IF (2.GT, (H(LAYER*1 )-ACCOR(l ) ),AN0.2.LT. (H(LAYER)«ACCUH(I )MA 
1)  GO  TO  230  MA 

GO  TO  200  MA 

MAOI»«ADIOS(I)  ma 

LOAD*LD5TRS ( 1 ) MA 

mOST«S*mOSTM1)  ma 

«LOi"*H.LT.ACCOR(l  ) MA 

STsSlN(THtTA)  MA 

CTsCOS(TMETA)  MA 

.........................................................MX 

CONPNT  DETERMINES  For  EACH  POINT-LOAD  MA 

CONFIGURATION  rhICM  INTEGRALS  HAVE  TO  BE  MA 

CALCULATED,  ma 

..........................................................MX 

CALL  COnpnT(R,muSTRS,loao»Z.n2,L2)  ma 

IF (LAYER. NE, 1 ) CO  TO  2S0  MA 

CZ  » OBLCm  MA 

lF(Z,LT.ACCuR(l)eAND.AUS(R»l,0).LT,ACCUR(I))  GO  TO  290  ma 

.................................................. .......MX 

ASYMMT  DETERMINES  the  LIPSCMITZ-HANKEL  ma 

INTEGRALS  NEEDED  FUR  THE  ASYMPTOTIC  PART  ma 

OF  THE  INTEGRALS, FOR  PUIN1S  IN  THE  TOP.  MA 

LAYER  only,  ’ MA 

...HA 

CALL  ASYMPT(R,ACCUR(1))  ma 

GO  TO  250  MA 

......................... .......................... .......MX 

FOR  POINTS  at  the  rim  of  the  load  the  ma 

L I PSChI TZ-mankE L INTEGRALS  Can  be  GIVEN  ma 

DIRECTLY,  "A 

........................................... ............ ...MX 

F10m|  a 0,63662  ma 

MOO  9 0.5  ma 

f 1 1 m | a 0,5  ma 

FltM2  a 0.929913  MA 


>2290 
>2250 
>2260 
>2270 
>2260 
>2290 
>2300 
>2310 
>2320 
>2330 
>2390 
>2350 
>2360 
>2370 
>2380 
>2390 
>29  00 
N29  1V 
N2920 
N2u3U 
N29  9 V 
N2«50 
N2U60 
N297U 
N2980 
N2990 
N250U 
N2510 
N2520 
N2530 

N2590 
N255W 
N2560 
N2570 
N2580 
N2590 
N2600 
N26  1 v 
N2620 
N2630 
N26UU 
N2650 
N266V 
N2670 
N268U 
N269U 
N2700 
N2710 
N272« 
n27  30 
N279U 
N27S0 
N276« 
N2770 
N2780 
N2790 
N200U 
N281  0 
N282W 
N28J0 
N289V 
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c 

c 

c 

c 


c 

c 

c 

c 

c 


7101  ■ 0.0 

MA I N26S0 

7110  a 0.0 

MA IN2H60 

7111  a 0.0 

MAIN2S7U 

COMPUTATION  UF  Tut  RtUulNtD  INTEGRALS  Hr 

MA 

CALLING  IN  GENOA!  AND  INGRAL 

MAI 0 U 

2S0 

INTT  a 0 

MAIN292U 

DO  260  J a |.17 

MAIN293U 

InTCJ)  a 0,0 

MA In^9«M 

260 

CONTINUE 

MAIN29S0 

00  270  J a 1,10 

MAlN29e0 

1NTV(J)  a 0 

MAIN297U 

K a 1 r ER2 ( J ) 

M A I N290O 

I7(.N0T.EPS(K)>  60  TO  270 

MA1N299V 

INTV(J)  a K 

MAIN3000 

INTT  a 1MTM 

MAIN30IU 

270 

CONTINUE 

MAINJ02O 

I7(lNTT.tU.0>  6U  TO  2H0 

MAINJ03U 

IF (NLAYS.Nfc. 1 ) CALL  6ENOAT (I,NZEROS,R,ACC) 

MAIN30U0 

CALL  !N6HAL(2.INTV,INTT,1NT) 

MAIN30SO 

200 

INTT  a 0 

MA1N306U 

OU  290  J a 1,7 

MAIN307U 

1NTV(J)  a 0 

MAIN30SU 

* a I VE  R 1 ( J ) 

MAIN309U 

I7(.N0T.EPS(H))  60  TO  290 

MAIN3100 

INTV(J)  a a 

MAIN3110 

INTT  a INTTaI 

MAIN1UU 

290 

CONTlNUt 

M A I N 3 1 3U 

I7(INTT,EU,0)  60  TO  300 

MAIN31R0 

17 (NLATS.NE.l)  CALL  GtNOAT CO.NIEKOS.R.ACC) 

MA1N31S0 

CALL  IN6HAL(l.lNTV,lNTt,INT) 

MAIN JlfeU 

J00 

psio  a psmi 

MAIN517C 

CALC  COMPUTES  ANO  OUTPUTS  Tht  STRESStS, 

MAIN319U 

STRAINS  ANO  DISPLACEMENTS, INDUCED  BY  t ACM 

MAIN320U 

LOAD  SEPARATELY, 

MAIN3210 

CALL  C*LC (I NT , r,R,MU,RAOI ,7 1 , LOAD , M05 1 NS , PS 1 0 , Z ) 

MAIN3230 

1 7 ( . no T , N2 ) 60  TO  330 

maIn32**w 

.Mi  I fe 

COMPUTATION  ANO  SUMMATION  07  CARTESIAN 

MA1N326R 

CUOROINATES. TnE  USED  COORDINATE  SYSTEM  IS 

MAIN3270 

The  ONE  aHEREIN  PO I NTCOOROI NA TES  at  RE 

MA 1 N 3260 

STATED, 

MAIMJ29U 

U2  auZ*r ( 3 ) 

MAIN331U 

17 ( ABS ( RADO IS).LT.ACCuR(I))  60  TO  310 

MAIN332U 

CT  a ( A X*X ( I ) l/RAOOIS 

MAIN3330 

ST  a (AY-Y  ( DJ/RADOIS 

MAIN33«0 

60  TO  320 

MAIN33SU 

310 

CT  aC OS (E T A ) 

MA1N336V 

ST  aSIN(ETA) 

MAIN337U 

320 

CT2  aCTACT 

MAINJ36U 

ST2  aST«ST 

MAIN339U 

STCT  aST»CT 

MA1N3R0U 

A ( 1 , | )aA ( 1 , 1 ).v(«)*CT2»V (S)*ST2-2.0aV(7)aSTCT 

MA I N3a 1 R 

A(l,2)BAU,2)AY(T)*(CT2*ST2)»iY(a)«V(b))*STCT 

MAIN3«20 

A(l,i)8ACl,3)*V(a»aCT-aC9)aST 

MAIN3R30 

A(2,l )BA(1>2) 

MA1N3RRU 

A(2.2)BAt2,2)*YlR)AST2*v(5)ACT2*2.0*V(7)»STtT 

MA  IN  JllSD 

330 


s«o 

350 

(•••« 

C 

c 

c 


c 

c 

c 

c 


360 


A(2.3)**(2.3)«V(fl)*ST»V(9)*CT 
6(3.1 >*•(! .3) 

*{I ,2)*«(2.  i) 

* ( 1#  3 )**  ( 3 » 3 ) « V (6 ) 

U>  *U**v ( I ) »c T-y (2) »ST 

UV  *UV*v(l).ST*v(2)*CT 

CONTINUE 

TRACEsMl.t)«M2.2)«A(3,3) 

AH  *(1.8AMU)/t(lAYER) 

AC  «HU»»NACt/t (LAVER) 

00  350  1*1.3 
00  3*0  J* 1 . 3 

8(1,J)*au*A(I.J) 

If(l.NE.J)  GO  TO  3*0 
B(I.J)*R(I, J)-AC 
COM  INUE 
CONTINUE 


OUTPUT  FOP  TOTAL  STRESSES, STRAINS  ANO 
DISPLACEMENTS  BY  THREE  TIMES  CALLING  IN 
OUTPUT, 


>RHE(NOUT.9120) 
EPS(I)*STR£SS(16) 
tPS(2l*STRESS(2t ) 
EPS(3)*STRESS(  6) 
EPS(<»)*STRkS5(2?) 
EPS(5)*STRt 55(20) 
EPS(b)*SlHESS(19) 
C(1)*A(1,1) 

C (2)*A (2.2) 

C ( 3 )** ( 3.3) 
C(«)*A(2.3) 
C(5)«A(|,3) 
C(6)*A(1,2) 

CALL  OUTPUT (EPS.C.9.1) 
EPS(I)«STRESS(23) 
£PS(2)*STM£SS(2«) 
EPS(3)*STRESS(I2) 
EPS(m)*STh£SS(27) 
EPS(5)*STNESS(25) 
EPS(6)*STRt$$(29) 
CUXMl.l) 
C(2)«M2.2) 
C(3)*B(3.3) 

C ( « )*B (?»  3) 
C(5)iB(l,3) 
C(6)*H(l,2) 

CALL  nuTPUT(EPS,C,6.2) 
EPS( t )*STMtSS(l») 
£PS(2)*STRtSS(t7) 

EPS ( 3 )*STRt SS ( 3) 
C(I)»U* 

C(2)«UY 

C(3)*U2 

CALL  OUTPUT (EPS, C, 3. 3) 
IM.N0T.L2)  GU  TO  *00 


H A 

IN3«*0 

HA 

In5«7U 

HA 

IN39S0 

HA 

IN3090 

HA 

I N 350* 

HA 

IN351V 

HA 

1N3520 

HA 

IN353V 

HA 

IN559V 

HA 

1N3S50 

HA 

IN356V 

HA 

1N3570 

HA 

IN3580 

HA 

INJ590 

HA 

IN3B0U 

HA 

IN361U 

HA 

1 N 3620 

HA 

IN3630 

HA 

IN36UU 

HA 

IN365V 

HA 

1N366V 

HA 

IN367W 

HA 

IN36SU 

HA 

I N 3690 

HA 

IN3T00 

HA 

IN3710 

HA 

IN3720 

HA 

IN3730 

HA 

IN37«0 

HA 

IN3750 

HA 

IN3760 

HA 

IN3T70 

HA 

IN37BO 

HA 

1N3790 

HA 

1N3600 

HA 

IN3SIU 

HA 

IN3S20 

HA 

IN3B30 

HA 

IN3S90 

HA 

1N3850 

HA 

1N3B6V 

HA 

IN3B7V 

HA 

1 N3880 

HA 

INJB90 

HA 

1 N3900 

HA 

IN3910 

HA 

IN3920 

HA 

IN3930 

HA 

INJ960 

HA 

1N3950 

HA 

1N396U 

HA 

1 N J970 

HA 

IN3960 

HA 

IN399U 

HA 

lNliOOO 

HA 

I N60 I 0 

HA 

1N6020 

HA 

1 NA  0 30 

JACOB  I COMPUTES  PRINCIPAL  VALUES  AND  MAIN«0«0 
DIRECTIONS  OP  total  STRESSES  and  strains,  MA1N«050 
THE  PRINCIPAL  VALUES  ARE  SORTED  ACCORDING  M A I NA060 


TO  H*GN I T uDE  BY  CALLING  IK  ESORT, 

MA 

1*4070 

CALL  JAC0HI(*,HH,3,3.I,N,I(I) 

MA 

INK09U 

CALL  ESORT (* ,HH, 3, 3, 1 « N, IQ ) 

MA 

1*4 1 00 

OE UKKJNAT ION  Of  h**,sh£4«  STRESSES  AND 

MA 

IN0I20 

STRAINS  »1 Th  THtlM  OlMLCTIONS  AND  DETERHI-HA 

1 n* i jo 

NATION  OF  MIDPOINTS  Of  T hi  MONK'S  CIRCLE 

MA 

1*4140 

DO  370  J*l,3 

MA 

INK  160 

C(J  )*AH*A(J,J).AC 

MA 

I N* 170 

C(J*  5)*(hh(J,|).hh(J,J))/v2 

MA 

iNKiaO 

CCJ*  9)*lHh(J. t )tNM(J, J) )/V2 

MA 

I N* l 90 

C ( J*1 «)«(MM( J, 1 J-Mhl J,2))/V2 

MA 

1NU20K 

C(J»18)s(mh(J, l ) *mh(J,2) >/v2 

MA 

I Ntf  2 1 0 

C(J*2J)»(MM(Jt4?  i)  )/y2 

MA 

In«22u 

C ( J*27)«<mh( J,2 ).hm< J, 4) )/v2 

MA 

IN*2J0 

370 

CONTINUi 

MA 

1n*2*o 

C(  *)«0.5MA(t,l)-A(J,l)) 

MA 

1NU2SU 

C(  <»)«o.s*(A(i,n*A(s,i)) 

MA 

IN*2»U 

cim>o,s<(A(i,i)>A{M)i 

MA 

I n*270 

C(ld>*0,S*(A(t,t )»a(2.2S) 

MA 

1N42BU 

C(22)*0.S*(A(2.2>«A(3, 3)) 

MA 

IN«29U 

C(27)*0.5*(A(2,2)«A(J,3)> 

MA 

1 N« SOU 

C(  5)*0,S*CC(l )-CC3)) 

MA 

INVJ1U 

C(I*)*0,S*(C(I )-C U)) 

MA 

IN«J20 

C(23)*0.SMCC2)-C(J)) 

MA 

1 N*  J JO 

IF(C(1 J),GT.C(22))  GO  TO  390 

MA 

iNttJOO 

00  SSO  1*1.9 

MA 

I NR  350 

C ( I ♦ 30  )*C (1*12) 

MA 

1N4360 

CU«12)*CU*21) 

MA 

In* J70 

C ( I *21 )*C  C I ♦ 40 ) 

MA 

1 N* JBO 

sao 

CONTINUi 

MA 

I n*J90 

OUTPUT  F UK  PRINCIPAL  STRE SSES , E TC . MA A I mom  m» 

1 N*  * 1 0 

SMkAM  STHESSiS.tre  AND  STKAIn  fcNtHGIiS*. 

MA 

IN«*20 

1*4  4^1) 

S90 

•kite (N0UT.91 JO)A(l, I ),C(I ).hm(1,1 ),hm(2.1 ).hh(3,1 )» 

MA 

1*4440 

♦ 

aI2,2).C(2),hh(j,2),hh(2,2),hh{3,2), 

MA 

I n**5o 

♦ 

A(S«S).C(3)iHM{l.)).HH{2.S).HM|5«3), 

MA 

1 N*  *60 

♦ 

<C(I>.1««.30) 

MA 

INauro 

H«  ■ (A(I,1)*C(I)*A(2,2)*C(2)*A(3,3)*C(3))*0.S 

M A 

iN«*eo 

BY  a 0.66t>bNo7*AB*(C(*)*C(*)*C(lS)*C(13)*C(22)*C(22>) 

MA 

1 N**90 

■RITE (NOuT .9200 ) BX.8Y 

MA 

IN*500 

• 00 

CONTINUE 

MA 

IN«510 

GO  TO  *60 

MA 

IN*520 

• 10 

■KI IE (NOUT, 91*0)  J 

MA 

1N«S30 

GO  TO  «*0 

MA 

1 n*s*o 

• 20 

"KITE JNOUf .9100)  J 

MA 

I n*5S0 

GO  TO  ««0 

MA 

INa56« 

• SO 

•KITE  ( NOUT .9190) 

MA 

1*4570 

1 *4$AU 

FOK  SYSTEMS  f OK  mm I CM  IT  IS  CLEAR  THAT 

MA 

In*59o 

MISTAKES  OCCUR  IN  TmE  inputcakds.the 

MA 

INaaoo 

KEUUEST  AnD  POINT  Input  CAPOS  APE  S«IPPEO.ma 

I N*6  1 0 

PROGRAM  PROCEEDS  BY  TAKING  NEXT  SYSTEM, 

MA 

l*46iU 
( taAft 

• •0 

RCAO  (NIN.9ISO) 

MA 

1 N«6«0 

REA0(NIN,90J0)  NPOS 

MA 

IN*6S0 

DO  «SO  1*1, NPOS 

MA 

IN**60 

•so 

READ  (N1N  ,9150) 

MA 

1n**70 

F-9 


i 


RH*,7X,*RR"/ 

RR",8X,*RR*/ 

RN",9X,*RR"//// 


Ml 

HA 

HA 

HA 

HA 

HA 

HA 

HA 

HA 


460  CONTINUE  HA 

mRI tt (N0UT.9169I  HA 

S T OH  HA 

9000  F OMHAKIHJ  , 1 7X.11 (*H*)  ,5*. *11  I",5X,1  I C*S*),6X,9(*A*),5X,lt(*R*)/  HA 

♦ 18X.12<*B*),4X,*III",4*,12("S*),5X,1|  ("A*),4X,12(*R*)/  HA 

♦I8X,*HH",8X,*HB«  III  SSS", |4X,"AAA*, 7x,*AAA  HR*  , 8*  , "RRR"/  HA 
♦18X,"BB*,9*,"BB  III  SS*.15X,*AA*,9X,*AA  RR",9X,*RR*/ 

♦I8«,*BB*,7*,*BB8  III  SSS*, 14X,"AA*,9*,*AA  RR",8X,*RR"/ 

♦1Ba,11(*8*),5*.*III*,4X,|1(*S"),SX.11(*a*),1X,12(*R*)/ 

♦18*,lll*B*)»S*»*Il!*»5x«ll("S"),4X,l5("A*),lx,ll(*k")/ 

♦I8*»*8H*»7X  « "DBB  III",14X.*SSS  AA*,9X,*AA  RH".5X,*RR*/ 

♦18X,*BB",6*,*BB  Ul*.tSX,"SS  AA»,9X,*AA  RR»,6X,*RR"/ 
♦18»,*BH*,7X,*6H8  II1*,|4X,"SSS  AA*,9X,*AA 

♦1B*,12(*8»),4*,"111*,1*.| 1CS*),4X,"AA*,9X,*AA 
♦18X.I1 (*8*),5*,"III*,1*,12{*S*),S*,*AA",9X,"AA 
♦75*, "THIS  *"8IS»R**  PROGRAM  HAS  BEEN  UBTAINEO  FR0H"/B9X, "SHELL  RCSHA 
♦EARCH  B.V.*/89X."FUR  tHt  sole  USE  UF"//76X,  HA 

♦ ■SHELL  OIL  C0MPANV"/76*» "NOUS 1 0* « TEXAS*  HA 

♦ //76X » * ALL  RIGHTS  ARE  RESERVED. HA 

♦ USE  OF  This  PR0GRAM"/76X.*BV  UNAUTHORIZED  PERSONS  IS  PROHIBITED* )HA 
FORMAT (20A4) 

FORMAT  (|h|  ,25(/).l5*,20AM) 

FORMAT (12,1 J, 11) 

FORMAT!"  NOTE  That  ",EI2,6," 

♦E  LOADS  IK  STRESS  UNITS*) 

FORMAT(6F)0.0) 

FORMAT (I2,BX,4F|0.0) 

formatc  note  that  incorrect 

♦on  OF  STRtSS*,4X,Al) 

FORMAT (12, «E12,fc) 


9010 

9020 

9010 

90«0 

9050 

9060 

9070 

9080 

9090 

9100 

9110 

9120 

9110 


HA 

ANO  *,EI2.6,*  RILL  BE  CONSIDERED  to  BHA 

HA 


9140 

9150 

9160 

9170 

9180 

9190 

9200 


SPELLING  HAS  NOT  STOPPEO  THE  EVALUATIHA 

HA 
HA 

F0RHAT(|H|,///52X, "POSITION  NUMBER  * , 12/ /54X , *L A VER  NUMBER  ".I2//MA 
♦55 1 , "coordinate  s*//46x , *x*,iix,*y*,iix,*z*/40x,iei2,*)  h* 

format (/2 IX, *D I stance  TO  L0AO«A*IS(",12,")*,34X,"THETA"/2SX,E12.4,ma 

♦ 4 | < ,E  1 2,4/.)  HA 

FORMAT (//,10x,*THlS  POSITION  MAS  BEEN  OMITTED  SINCE  THE  LAVER  numhma 

♦ER  IS  INCORRECT*)  ha 

format (/S0x,"xx*,10x,*vy",iux,"ZZ*,10x,"vz*,10x,*x/"»10k,"xy",i0x,ma 
♦*UX*,10X,*UV*,10X,«Ul*)  HA 

FORMAT (/■  PRINCIPAL  values  ANO  DIRECTIU  NHA 
♦S  OF  TUTAL  STRESSES  AND  STRAIN  S"/|5x,’N0HA 

♦ RMAL*,9X,*NORMAL*,9X,»SMEAR«,10X,*SHEAR*,| Jx , «X « , 1 4X , * V * , 1 4 X , ■ z •/ 1 HA 
♦5x, *STRtSS*,9», "STRAIN*, 9X, "STRESS*, 9X, "STRAIN*, 9X, “COHPONE NT*, 6X, HA 

♦ •COMPONENT* ,6X, "COMPONENT"/*  HA* I HUH*, 2E 15.1, SOX, IF  15,1/*  mINImax*MA 

♦ ,2E 15.1, 10*, IF  15.1/*  minimum*, ?t 15. 1, 10 X, IF  15.1/*  maximum" , 10* ,2E l"A 

♦ 5.1, IF | 5. 1/8*, El  5. 1,45*. IF  15. 1/*  MINI  max  * , 10X ,2E 15, 1 , IF  1 5. 1/8* , HA 
♦El  5. 1,45*, IF  15,1/"  minimum", 10X.2E15.1, IF  15. 1/8* ,E 15 . 1 , 45* . IF  15 , 1 )MA 

FORHAT("  THE  PROBLEM  CANNOT  BE  SOL VED , nu ( ■ , 1 2 , * ) EQUALS  ONE*)  HA 

HA 
HA 


format (/) 

FORHAT(IHl) 

F0RhaT(A4,6X,6F 10.0) 
FORMAT!"  THE  PROBLEM  CANNOT 


BE  SOLVED, E (". 12,")  EQUALS  ZERO*) 


HA 

FORMAT!"  SYSTEM  SKIPPED  NO  LOADS*)  M* 

FuhmaT(1nO,I1x,*  STRAIN  ENERGY*, Ell. «/*  STRAIN  ENERGY  OF  DISTORTION* 

♦N* , E 1 1 . 4 ) ha 

END  "A 

Subroutine  system(ISys,E.nu, thick,ak,nlays,h,nload,ldstrs,hostr, 

I AL*, RAD  I US,*. Y,PSI, ISMO, IRED) 


N468U 
N4690 
N4  7 0 V 
N471  V 
N4720 
N4710 
N4  74U 
N475V 
N476U 
N4770 
N478R 
N4  790 
N480D 
N481  V 
K4820 
N48IU 
N4B4U 
N4850 
N486V 
N4870 


N 4 9 0 R 
N49  | 0 
N492V 


N495U 
N496V 
N497U 
N4980 
N499U 
nSOOU 
N50 1 0 
N502U 
N501U 
N5044 
N505V 
N506« 
N507V 
N5080 
N509V 
N510V 
N51 10 
N512V 
N5UW 
N514U 

N5159 

N516V 


N5I80 
N519V 
N520U 
N52I  V 
N522V 

SYST001U 

SYST0U2V 


................................. .SYS TOO  10 

This  SUBROUTINE  OUIPUTS  ALL  PHYSICAL  DATA  SYSTO04V 
OF  THE  muLTI'LAYERED  SYSTtM  ANO  ALL  DATA  S YS  T 0050 
ON  CONFIGURATION  AND  MAGNITUDE  OF  THE  SVST0060 


F-10 


LOADS, 


INTEGER  Rnu(;M(2).  SMOOTH  (2),  ISmTh(2) 

RE*L  E(10),NU(l0).TH|tH(9),AK(9),ALK(9),LDSTHS(10),MUSTH(lO), 
iradius(io),x(io),y(io),pskio) 

COMHON/TAP£/NOUl 

OaTa  ROUGH, SNOOlH/'HOU', 'GH  ",'SMO','OTH'/ 

»HITE(NOUT,IOOt)  isvs 
IF (IHEO.EU.O)  fcHI TE (NUUT , 1002 ) 

IF (IHEO.NE.O)  «RIT£(NUUT,1007) 

IF (NLAYS.EU.l ) GO  IU  «0 


10 


SYS! 0070 
.SYSTOOHO 
SYST0U9U 
SYST0100 
SYSTOI |0 
SYST0120 
SYST01 SO 
SYST  0199 
SYSTOISO 
SYS101S1 
SYST  0 1 99 
SYST0179 
SYST01S9 
SYST0190 
SYST0209 
SYST02 1 9 
SYST  9229 
SYST  02  59 

SYST0299 
SYST02S9 
SYST0269 
SYST0279 
S YST0289 
SYST0290 
SYST0J09 


00  SO  1*1, M 

IF(ISHO.EO.l)  GO  TO 
ISMTHJ1)  s ROUGH (11 
1ShTh(2)  « HOUGH ( 2 ) 

1F(*LMI).LT.  100.0)  GO  TO  20 
10  ISHtHU)  C SHUUlH(l) 

!ShTh(2)  ■ SM00 Th ( 2 ) 

20  *R I TE ( HOOT ,1005)  I, lSHTHl I ) , 1 SMTh (2 ) , E ( 1 ) , NU ( I ) , THICK ( I ) , AK ( I) 

SO  CONTINUE 

90  *R1TE (NOUT. 1009)  NL*YS,t(NL*»S),NU(NL*YS) 

«RI T£ ( NOUT ,100$) 

00  SO  I * l.NLOAO 

SO  HR1TE (NOUT, 1006)  1,L0SThS(I), hOSTR ( I),RADIUS(l),X(t),V(l),PSl(I) 

1001  FORmAT(1h1,10(/), MX, 'SYSTEM  NUMBtM' , SX , 12 > 

1002  FORh*T(S(/),8x,'L*»ER',uX,'C*LCUL»T|ON',2x,'yOUNG"S',9X,'P01SSON'SY$TOJ19 

1 'S', Jx,' THICKNESS', IX,' INTERFACE */ex, 'NUMHER', Si, 'HI THOO',TX,'MOOUSYSTOS29 
2LUS',9*,«RAT1U'. IBA.'SPRINGCOHPl'/)  SYST0SS9 

1005  FO<*"AT(IOx,I2,S*.2*l,3*,oE12.9)  SYST 0590 

1009  FURM*T(10X,I2,19X,?E12.9)  SYST05S9 

1005  FOHnAT(///BX.'LO*0',5*,'NORmAl',7x,'ShEAR',S*,'HAOIUS  OF • , 7X , 'LOAOSYSTO 5*9 

1 • POSITION', 6X,'SHE*H'/ex, 'NUMHER', SX, 'STRESS', 7X, 'STRESS',**,  SYST0579 
2'LOADtO  AREA', 6*, '*'. 11*. 'Y'.Tx. 'DIRECTION'/)  SVSTOSBO 

1006  FORMAT  ( 10*.,  I2,2x,6E12.9)  SyST0390 

1007  FORMAT (5(/),e*,'L»*£R',9*,'t*LCUL*TICN',2X,'YtfUNG"S',9X,'P0ISSON'SYST0909 

i's', s*,' thickness', s*,'  reduced*  /e*, 'number*, sx, 'me tmod',tx,'hodusysto«io 

2LUS',*X, 'RATIO', 16X, 'SPRI NGCOMPC'/ ) SYST0929 

RETURN  SYST09S9 

end  SYST0999 

Subroutine  MAC0N1 (ISHO,ALK,NSYS)  maCOOO 1 9 

•MAC00029 
MACOOOSO 
MAC00099 
MACOOOSO 
MACOOOSO 
MAC00079 
MACOOOSO 
MACUOO*W 
MAC00109 
MAC001 19 
MAC00129 
MAC001SO 
MACOO 1 *9 
•MAC00I59 
MAC00169 
)MACOU|79 
MACU0169 
,HACU01«0 
,MAC00209 
MACU02 1 9 
MAC00229 


This  SUBROUTINE  CALCULATES  CONSTANTS  USEO 

in  subroutine  matrix  to  build  up  various 
matrices, 

the  constants  are  storeo  in 
common/indata/, 

numerical  stability  of  solutionproceuure 
FOR  The  system  is  TESTED  by  calling  In' 

MA2C0N, 

MATRIX 

MHEN  INSTABILITY  has  to  BE  EXPECTED  The 
smooth  CALCULATION  PROCEDURE  IS  CHOSEN  My 
taking  ISMU  * 1 AND  NS Y S IS  SET  EGUAL  | , 


REAL  K| ,k2,KS(10),kh(|0),hS,K6,nu,II,LOAD,ACCUH(S),alk(*) 

COMMON/ A SOT /la  YE  R ,nl*yS,h,R,2,nu(10),ACCUH,LOA0,H0STHS,NZCH0S,H(* 
1,KS(19).E(I0).AL(9), THIC*(9),RADIUS(10) 

COMMON/ I NOATA/XMAX,  A|(9),B1(9),CI(9),D(9),EE(9),F(9),G(9),M|(9) 
111  (9),K1 (9),K2(9),K6(10),BE (9),BU(9),HUU(9).6MU(9),02U(9),B2UU(9) 
2J2(9),Jl,T2(10),SS(2,10),G012(9),G021 (9) ,G022 (9 ) ,G122 (9)  , 

3h 012(9), M022(9),H122(9), 0012(9), 0022(9), COM (9),C0I2(9),E012(9), 


«F012(9),F|  l2(9),F022(9),Ct(«,2,9),DU<2.2.9),f F (2,2,9), GG(2.2.10) 
5hh(2.2. I0),NR(«.2.I0),DD2(9),C20(9),C2I  (9 ) ,H20 (9 ) ,H02 I (9) ,CC2 ( 1 0 
6HH2 ( 1 0 ) . 001 1 (N),«l 1 I (9) ,UOI2(9),ul |2(9),(I2I2(9),u022(9),U|22(9) , 
TOFO(9),i)Fi(9)>i0lt.Ztll.221t,2OI2./tl2.Z2l2.2SI2.2021.Z12I.Z022, 
6ZI22.Z222.ko. 

CIihhUN/TARE/NOUT 

Nsrs  • o 

IF (stars, EQ. 1 ) CO  TO  10 
cou.i.n  a -i.o 
GC (2.1.1)  a 1,0 
GC (1.2.1)  a 1,0-2.0*NU(1> 

GG (2, 2 > I ) a 2,0 *NU( 1 ) 

KH (1.1.1)  a 1,0 
hm (1.2.1  ) a CG (1.2.1) 

HH(2.1,1)  a |,0 
riH(2.2.1)  a -GG(2»2»1) 

RR(l.l.NtAVS)  a 0.0 
HH(I ,2.NtarS)  a 0.0 
RH(2.1.NtarS)  ■ 0.0 
RH(2.2.NtarS)  a 0.0 
«R(l.l.Mt*rS)  a 1,0 
RH(S.2.NtAtS)  « 0,0 
RR(«. I .stars ) a 0.0 
RR(u,2»*l*rS)  a 1.0 
SS(l.NtarS)  a 0.0 
SS(2. SLATS)  a 1.0 
GG2 ( 1 ) a 1,0 
mm2(1)  a. 1,0 
10  KS( 1 )a| ,0«2.0*NU(l ) 

IF (Stars, to. 1 ) CO  Tu  70 

K a o 

»6(1)  a <l.0»(  1 ,0-NU(  1 ) ) 

00  30  Ja 1 , M 

K1  (J  )«tl  ,Q*NU(JM  > >»t  ( J)/((l  ,0«-NOIJ))»EIJ*1  )) 

K2(J)«1.0-«1 (J) 

K S ( J ) aNU ( J* 1 )«NU(J)*K1 (J) 

Ktt(J)a»,o*NU(J)*NU(Jal) 

KS(J)al.0-2.0«SU(J) 

Kb(JM)  a tt.OMl  .O-SUl  J*l)  ) 
ai(J)a  *b(J)-*2(J) 

HI ( J ) a K2(J)aKt (J )*Kb(J+l ) 

C 1 ( J )s2,0*K2 ( J) 

0 ( J ) ■ K2(J)*(1.0-9.0»SU(J)) 

EE (J)a  K2(j)a(|,0*KU(J))*«,0*K3(J) 

F ( J ) a ai ( J)«81 (J) 

G ( J ) a K2(J)*(l.0-Ktt(J))a2.0aK3(J) 

M| (J)att,0*K2(J)a(SU(J«l )-SU(J)) 

1 1 ( J)s  O(J)-MKJ) 

10  CONTI  SUE 

KS(*al  )a|  ,0»2,0*SU(**.l  ) 

IF(ISNO.tW.l)  GO  TO  70 
00  oO  I a l.M 

IF (atK(I).tT. 100.0)  GO  TO  *0 
«0  CONTINUE 
GO  TO  70 

catcut AT  ION  OF  CONSTANTS  ONtT  NtfcOfcO  IS 
HAtRI*  FOR  STABILITY  TEST, 


SO  THIN  a 
NTELt  > 


I.OEalO 

2 


, RAC00250 
) , HACU029U 
NAL002SO 
HAC002bU 
NACO027V 
HAC0020V 
HAC00290 
MAC00100 
HACOOJIO 
H*CUO 120 
MACUOIiO 
HACOOJttU 

h at oo iso 
hacoo jb« 

HAC00J7O 

hacooisv 
«acuoi9u 
HACOOttOO 
HACOOtt 1 U 
HACOO«20 
HACUOttJO 
HACOO<<<IO 
HACUOttSO 
HACOOttftO 
HACO0«7O 
MACOOttSV 
HACO0A9U 
MACOOSOU 
MACOOS 1 9 
HACO052O 
HACOOSSV 
HACOOSUO 
HACOOSSO 
HACOOSttO 
HACOOS7W 

HACooseu 

HACOOS9U 
HACU060 V 
HACOGblU 
MACU062O 
HACOOblO 
HACOObttO 
HACOObSV 
NACOObbO 
HAC00670 
MACO066O 
HACOOb90 
HACO07OO 
KAC00710 
HAC0072U 
HAC0071U 
HAC007AO 
HAC007SO 
HACOOTb*) 
HAC00770 
— HAC007BO 
HACU079U 
HACooeoo 
..HAtOOBlO 
HAC0U62U 
HACO06JO 
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IF  <MU<  10). AND.  .N0T.N2E0)  A 1 U C 9>a,TRUl. 

IF  ( A I 0 ( 6), ANO.  .NOI.NZEP)  *10<  >«>)■,  TRUE  . 

IF  ( A 1 0 ( 9))  C«LL  LOGSt  T ( J AHi,  d , 6), AID) 

IF (AID(IO))  A ] D ( d ) ■ . TRUE . 

IF ( A 10 ( S))  AIO(l»)«,lRUt. 

1F(AI0(I2))  A l 0 ( b)a,TRUE. 

IF  ( A ID  ( 0))  AID(l**)a.  TMUfe  . 

IF(AI0(19))  A I 0 ( 8)a,TRut. 

I F ( A I 0 { S).A*D,A|0(  b))  CALL  L0GSE1(JAHr.(l#  7), AID) 
IF(A10(in.AND.AtCM2))  CALL  LOGSt  T ( JARG  ( 1 , *),AJD) 
IFL.KOT.NItU)  GO  10  20 
I F ( A 1 0 C 7))  AIDd  J)*.TRUt. 

IF(AlOdJ))  a to  C 7 ) » , T HUE  . 

IF ( AIDC  9))  AlD<tS)a.TRUE, 

IF(AtDdS))  AIOC  9) a . 7 RUE  . 

1MAJD<  S).AND.AJO(IO))  CALL  L OGSt  T ( JANG  ( I . 9),AJ0) 

IFLAIOL  fel.AKO.AlOdO))  CALL  LOGSET(JARGd,IO),AID) 

1F(AID(  n.ANO.AIOL  2))  CALL  LOGStT(jAHbd,U)>A|0) 

I F ( A 1 0 ( 9 ) . ANO , A I D L 7))  CALL  LOGSt T ( J AKG d , 1 2 ) , A I 0 ) 

IF  C A I 0 C 7).ANO.AIO(IO))  CALL  LUGStT(JANGd.lJ).AIU) 

I F ( A I 0 C 0 ) . ANO. A 10  f 9))  CALL  LUUSt 7 ( J ARC ( 1 . 1 9 ) , A 10 ) 

GO  TO  10 

20  IF  ( A 1 0 ( !))  CALL  LOGStT(JAMGd,d)#AIO) 

IF  l A 1 0 ( 9))  CALL  L0GStT(JARGd,12),AI0) 

IF  (AIOC  6))  CALL  LOGStT(JA(tGd.l«).AIO) 

jo  n * .false. 

L « .TRUE. 

IF  (Al0(J).0R.Al0(9).0a,AI0d2).0R,AI0d6).0R,AI0d7))  N#,7RUE. 
00  NO  I a IF, 27 

IF (A  10 (I))  GO  TO  90 

l ■ .false, 

go  ro  so 

90  k * .TRUE, 

SO  CONTINUE 


CONSOJOO 
CUNS0S1U 
CUNSQ J2« 
CONGO ISO 
CONSOJ9U 
CUNSOJSO 
CONSOJaO 
CONSOJ7W 
CUNSOjav 
CUNS0J9U 
CONS090U 
CUNS09 | U 
C0NS092U 
C0NSU9JU 
CUNS099U 
CONS09SU 
CUNS09A9 
CONS097U 
CONSOuOU 
COKS099O 
CONSOSOU 
CONSOStV 
C0NS0S2V 
CONSOSJU 
C0NS0S90 

CONSOSSO 

CONSOSbU 

coNsosrv 

CONSOS0U 
CUNSOS90 
CURSObO« 
COnSOni U 
CUN$0b2« 
CUNS06JU 


RETURN  CUNS0»9U 

(NO  CUNSObSV 

SUBROUT INt  LOGSt  7(1 .LUG ) LUGSOOlU 

c ..................................... ............................... — LOGS0029 

C This  SUBROUTINE, CALLED  IN  CONSTS  ANO  LOGSOOJV 

C CONPNT.SETS  THE  LOGICAL  VANIABLtS  LOG (a ) LOGS009V 

C true  fur  The  revalues. stored  In  the  argu.  lugsoosw 

C RENT  I.  LOGSOObV 

c........ .......... ............ ........................................ -LOGS007W 

LOGICAL  LOGO)  LOGSOOBu 

INTEGER  Id)  LOGS0099 

00  10  L*I fb  L06S0I0W 

t»  (KD.EO.O)  GO  TU  20  LUGSOdO 

Ka I (L ) LOGS012W 

LOG ( a )a . TRUE , LOGSOIJU 

10  CONTINUE  L0US019W 

20  RETURN  LOGSOtSO 

END  LOGSOIbV 


SUBROUTINE  ha2CON(Th1N,I,]Sh0,ALK)  MA2L001O 

........................................................ .RA2C002O 

THIS  SUBROUTINE  CALCULATES  constants  USED  RA2COOJO 
IN  SuFRUUT INE  haTr|X  TO  BU1L0  UR  VARIOUS  NA2C009U 

HA  TRICE  S,  THESE  CONS  1 ANTS  ALL  DEPENDENT  HA2C00S9 

ON  ALA(J)  AND  / OR  RADIUS ( I ) . ARE  STOREO  MA2C00bU 
IN  COHHUN/INOATA/,  NA2C007U 

...... .......NA2C00BU 

REAL  at,K2,abdO).aS(Kb.alt,at2,NU,II,LOAD,ACCUR(J).ALM9)  HA2C0090 


DUMMY  a o.o 
LAVER  a SLAVS 
T2(NLAVS)  a 0.0 
DO  60  K a l,rt 

IMTM|CHC«),Ll.rH|N)  TM I N a THICK(K) 
OUMMV  a OUMHV* Thick (K ) 

T2  (K ) a 2.b*THlCK(K)/HADIUS(l) 
h(K)  a OUMMV/RAOlUSU  ) 

60  CONTlNUt 

CALL  h*2cun(Th1N,|,IShu,ALK) 

TX  a 6,6*HA010S( 1 )/ THIN 
XHA  X a T « ♦ 1 . 0 


i ts t on  numerical  stahilitv  of  the  SOLU- 
TION-PROCEDURE TO  BE  EOLLOatl)  F OR  Tm15 
SVSTEH  HV  CALLING  In  T HE  MATRIX  SUHROUTI- 
NE  »ITh  NTtLL  « 2 . 

AFTER  TEST  ThE  SHUOTH  OR  ROUGH  CALCULATI- 
ON PROCEDURE  IS  CHOSEN, 

TEST  is  ONI  V NECESSARY  IF  NOT  DIRECTLY 
THE  ShOOTh  CALCULATION  PROCEDURE  HAS  BEEN 
CHOSEN  hv  ISHOat. 


CALL  maTRI<(TX,1, NTtLL) 
IF (NltLL.EO.2)  GO  TO  TO 
ISHO  s | 

NS  Y S a I 

*R I T£  t NOUT #1001) 

TO  RETURN 


HACU0880 
HACOORSO 
MALOOB60 
HACU0B7U 
HAC008BO 
MAC0089U 
HACOOROV 
MAC009I 0 
HACO0R20 
HACOORJO 

MACOORuO 

HACU0V5V 

-HACO096O 

HACOORTU 

HAC00R6U 

MACOORRV 

HACOIOOO 

HAC010IV 

HACOI02V 

MACOIOIO 

HACOIORU 

HACOIOSO 

.HACOlObU 

HACOIOTV 

HAcotoau 
NAC010RU 
HACOllOR 
HACUI I 10 
HAC  01120 


toot  FORMAT!*  THE  MORE  STABLE  SMOOTH  LALCULaTIun  PR0CE0U»E  HAS  BEEN  ChomaCOUJO 
l SEN,*)  MAC0118U 

ENO  MACUMSO 


SUBROUTINE  C0NSVS(AID,N/EP.N2£U.N,L) 


this  Subroutine  determines  for  each  sys- 
tem The  CYLINDRICAL  COMPONENTS  needed  for 
COMPUTATION  OF  The  REQUIRED  CARTESIAN 
COMPONENTS  OF  STRtSSES, STRAINS  AND  DISPLA- 
CEMENT,  GIVEN  THIS  SET  OF  COMPONENTS  A 
FURTHER  SELECTION  IS  PERFORMED  ON  Th£ 

components  that  can  be  computed  «ith  the 
INTEGRALS, 

CUNSVS  CALLS  in  SUBROUTINE  LOGStT 


LOGICAL  A10(27),NZtP.N2£g,tPST5),N,L 
INTEGER  J ARU (6, 14) 


8,  9,20,22,  0,  0, 
I,  2,16,17,  0,  0, 
A,  S,10,  0,  0,  0, 
16,17,  0,  0,  0,  0, 
20. 22, 25, 27,  0,  0/ 


DATA  JARG/ 

1 6,  5,  7,18,19,21, 

2)*,  IS, 25, 27,  0,  0, 

3 8,10,12,  0,  0,  0, 

« 8,  5,12,  0,  0,  0, 

523,28,26,  0,  0,  0, 

EPS  ( l ) a A|0(lB).r>R,AI0(lR),UR.AlD(2l) 
E PS (2 ) a aIO(20).OR,AID(22) 

EPS ( 3 ) a A10(23).0R.AI0(28).0R.AI0(26) 
EPS18)  a 810(25). OR. AIDT27) 

EPS<5)  a aI0U6),0R.AI0U7> 

00  10  1 a |,5 

IF(,N0T.EPS(I))  GO  TO  10 
CALL  L0GSIT(JARG(I.1),A1D) 

10  CONTINUE 


10.11.13.23.28.26, 
5,10,12,  0,  0,  o, 
8,  6,12,  0,  0,  0, 

18.19.21.23.28.26. 


COnSOOIU 
-CONS002W 
CONS003U 
CONS008U 
CONSOOSR 
.CONS0060 
CONSOU  70 

consoobo 

CONSOORU 
CONSOIOO 
CONSOl  ID 
•CONS012U 
C0NS0I3U 
C0NS0I8U 
CONS015U 
CONSO 1 60 
C0NS017U 
CONS018U 
CONSO 1 99 
C0NS020W 
CONS02IV 
CONS0220 
CUNS0230 
C0NS028U 
C0NS02SU 
CONS026U 
CONS027V 
C0NS028V 
CONS029U 
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CO"HON/A$DT/l*»EH.NL*YS,,'.«.Z,MJ(10),*C(.UK,LOAU.tiOS!KS,l'.ZmoS,M(<»)*Ai!C0100 
I 'B$(|0),E( |0)'AL(9)' ThICk(9),HAQIoS(I0)  MA2C01I0 

CUHMOH/JNOA IA/ABAX#  A I (9).b)(9)'Cl (V), 0(9), EC (9), A (9),G(9),HJ (9 ) , HA210 1 20 

HI  («)'«!  <«)i«2(9>.K»(IO)'bfc  («)'HU('>)'BIIU(«)'BMU(4)'H2U(9)'82UU(9)'MA2C0130 

2J2(4)'JI'T2(IO)'SS(2'IO)'G012(4)'(.b2l(9),G022(4),CI22(9)>  ha2C01bo 

3M0i2(9)'HO22(4),Ht22(9)'U0t2(9),D022(9),C0)l (9) ,C0 12(9 ) ,t012 (9) , ha2C0I$U 
«F012C4).A ll2(4)'A»22(9)'CC(4.2'9)'00(2'2'9)'Fr (2'2'9)'GU(2'2'10)'  HA2C0I9O 
%HM(2'2'IO)'»*U9'2'IO).002(«)'G2U(9)'G2t(4)'H20(9).H02U9)'GG2nO),MA2C01T9 
»HH2(|0).001I (9)'Q| I I(9),U0I2(9I'0I 12 <9 ), 02 1 2 (9 ) ,0022 (9 ), U1 22 (9 ) , HA2C01B0 
r0F0(9)'QFi(9),Z0H'2HI'2211'20l2'2!l2'l2!2.ZJ12'Z021'ZI21'Z022,  HA2C0190 

•ZI22.Z222'K«  HA2C020U 

XHAX  »t>,S»«AOIUS(  I )/T«IN  HA2C02I  v 

K • 0 HA2C022U 

00  SO  J ■ I'M-  HA2C023U 

AL  ( J ) ■ ALK(J)/(KAOtUS(I)AALK(J))  HA2C02»« 

KI2  « I.O-AL(J)  HA2C02&0 

UOI I (J)  S K)2»BI(J)  HA2C0260 

Oil  I ( J ) ■ 2.0*AL(J)*NU(J»1  ) MA2C027U 

U012C J)  a.a)2»tE(J)  HA2C026U 

U0221J)  a K|2»tt(J)  MA2C0240 

01 22 ( J ) a AL(J)»«S(J)  HA2C0J0O 

UFO(J)  a KI2»A|(J)*B1  IJ)  HA2C0110 

OF  l ( J ) a 2.0*Ai(J)a(|,0»*U(J)A(1.0-HJ(J*l))*Bl(J))  HA2C0S2« 

IF (I5"0. tO. 1 ) 60  TO  20  HA2C03IU 

IF  (ALMJ).Gt.  100.0)  GO  TO  20  HA2C03AU 

Ht(J)  a •AL(J)/(!.0>AL(J))  HA2C0J*U 

60 ( J ) a HE(J)»2.0»NU(J»1 ) HAZCOSaO 

BOO ( J ) a 60 ( J ) *kS ( J ) HA2C037U 

BHU(J)  a BE ( J ) *KS( J ) MA2C03BU 

B20( J ) a BE <J)*(KS( J).2.0.NU( J'l  ))  HA2C0390 

B200  ( J ) B BC(J)*(KS(J)«2.0*NU(J»1))  HA2C0B0** 

GO  TO  30  MA2C041W 

) Nil  a 2,0*(NO(J)«NO( J«l ) ) HA2C0«2« 

k a a*l-  MA2C0930 

J2(K)  a J MA2C099U 

GG(l.l'NAl)  a K2(J)  HA2C0«*(« 

6012(B)  a K|1*k2(J)*(2.0»«,0*mO(J«1))  ma2CO«»0 

6021(b)  a.Bi2*B2(J)  HA2C0B70 

6022(B)  a (B|1>k2(J))*b12  HA2C0900 

6122(B)  a-2,0**O(J*l )«AL(J)  HA2C049U 

HH(IH'BaI)  a«3.0*«.0*HO(J)-Bi  (J)  MA2C0S0U 

HO  12(B)  B.2.0A2,0*HU(J)A«'0*NO(jA|)«B«(J).(2,0«a,0*HO(jAl ))*  HA2C0S10 
1 B I ( J ) HA2C0S2V 

H021 (B ) a hh ( | , | , a * i ) *k 1 2 HA2C0SIV 

H022 (B ) a-K|2*(|.0-2.0«NU(J)-6,0*NU(J«l)»B4|(J).Kl(J))  HA2C0SBW 

H122(B)  a 2.0*AC(J)*HU(J«I ) Ht2C0SSW 

DO(I'I'B)  a.BB(J)  HA2C0SBV 

0012(B)  a«BB(j)*B6(j)  HA2C0%7» 

00(2' I «B ) a.B12*B*(J)  HA2C0SB0 

0022(B)  a*HU( J ) *2 '0*00 (2' I »B ) HA2C0S00 

CO)l(B)  a.J ,0««.0*NO(J)  HA2COBOV 

C0I2(B)  a «,0*MO(J)*KS(J)  HA2C0BIV 

CC(2't'B)  a-2,o  HA2C0B20 

E0I2(B ) a»B 1 1 HA2COB30 

F 0 1 2 (B  ) a BB(J)<2.0*(KO(J)A»>0(J41))  HA2COBHO 

F l 1 2 (B ) a 2,0*E0I2(B)  HA2Coa5« 

F 022 (B ) a 1.0-a.0*NO(J*l>  HA2C0a»U 

FF (2'1'B)  a 2,0  HA2CO*70 

002(B)  a 2,0*B12/H| (J)  HA2C09BO 

620(B)  a Bl2a(|.0-1.0/Bt(J))  HA2C0B*O 

621(B)  a AL(J)*0,S/B|(J)  HA2C0700 
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M20 (K ) 

JO  CONTINUE 
Jl  o A 
OUMMVcO'O 
T21NLATS) 
00  «0  > I 


■ A I2*( 1 , 0* 1 , 0/A  I ( j ) ) 


0.0 

,M 


0UNMy#0UNMy»fMlc* (A) 
(2(R)*2,0*TmIC*(R)/RADIUS(1  ) 

H(*  )«OUMNy /RADIUS ( I ) 
a 12  a 1.0**LC») 

0112(a)  a rA|2»F (a)ah(A)«ui n (a)r*S(A) 
0212(a)  a *L(*  )»h(k)«  (2, 0<>nu(R  + 1 )-*S(R  ) ) 
«0  CONTINUE 

IF  (LaTkR.tU.Ni.ATS)  CO  TO  SO 


THESE  CONSTANTS  Akt  USkO  FOR  (HE  AST Mp TO. 
TIC  k VACUA  T I UN  OF  t Hfc  CHAHACTERISTIC 
FUNCTIONS  IN  MATRIX. 


J « LATER 

Hat  a 2.0*NU(J*I )*Ct (J) 

Ra2  a 2, 0»NU( J*1 ) »A 1 ( J ) 

RAJ  a 2,0*NU(J*1 )*0(J) 

2021  a U011(J)*C1(J) 

Ra*  a 2021*M(J) 
a 1 2 a l.O-AL(J) 

2011  a U01l(J)*0(J) 

AL (J)« (Raj-6 (J)«aS(J)*BI (J)  )-»A« 

AL(J)»M(J)a(Bl (J)-l I (J)-kA!) 

•A12*(D(J)»EE ( J ) ♦ A I ( J ) * G ( J ) ) 

0122(J)»(RA2-C(J)*HaJ.EE(J))*ai2»H(J)a(Al(J)» 

I Ml (J)*C1 (J)»EE(J)-0(J)*F(J)) 

•AL(J)AM(J)«(«S(J)*(kAl*M(J)*lHJ))»»aJ*fck(J)» 
1 »a2*G(J))-Ra«»m(J) 

AL(J)*"(J>««( J)*(Hl (J)-RA)-1I« J)) 

AL(J)*(Ra|«HI (J)Tll (J)) 
Al2«(Al(J).II(J)-Et(J)«Cl(J)) 

AL ( J)*(RR2tEE ( J)»AS(J)*(RAl *1 1 ( J) ) )«RHM 
2 121 *H (J  ) 


2111  a 

2211  a 
2012  a 

2112  * 
I 

2212  a 


2 512  a 

2121  a 
2022  a 

2122  a 
2222  a 

SO  RETURN 
CNO 

Subroutine  conrnT(r,hustrs.loao,2,n2.l2) 


This  subroutine  OtTtRMtNtS  FOR  EACH  point, 
load  c onf I curat i on  sepahatelt  the 
Integrals  needed  for  computation  of  The 
OESlRkO  COMPONENTS  OF  STRESS. ETC. 

FOR  POINTS  AT  THE  RIM  OF  TMt  LOAD  SOME 
COMPONENTS  cannot  Bt  CALCULATED  BECAUSE 
OF  SINUULAW  BEHAVIOUR,  A MESSAGE  IS 
PRINTEO. 


LOGICAL  STRESS, EPS. HLOR.N2.L2 
REAL  LOAD 

integer  iarg(6,i2),karg(b,«),jj(i2,is) 

CO»«ON/STHDTA/STRtSS(27) , EPS ( 1 7 ) , RLO* , ST , C T , L , ACC 
CORMON/TAPt/NOOT 
DATA  I ARC/ 

1 7,12.17,  0,  U,  0, 

2 7,  6 , 0,12,10,17, 

S 7, 12, Id, IS, 17,  0, 


12,10,17,  0,  0, 
7,  0,12,1*, 17, 
0,10,16,  U,  0, 


0, 

0, 

0, 


10.11, 

e,  o, 


0, 

0, 


10,11,10, 


0, 

0. 

0, 


0, 

0. 

0, 


MA2C071V 
MA2C072U 
MA2C07 JO 
HA2C0  7*0 
MA2C07S0 
HA2C0760 
MA2C0770 
MA2C07B0 
MA2C079O 
MA2C0A00 
MA2C0B1U 
MA2C0B2O 
MA2C0BJO 
MA2C0B40 
MA2COBSO 
MA2C0060 
MA2C0B70 
MA2C0BB0 
MA2C0B90 
MA2C0R00 
MA2C0910 
MA2C0920 
MA2C09JO 
MA2C0940 
MA2C09SO 
MA2C0900 
MA2C0970 
MA2C09S0 
MA2C099O 
MA2C1000 
MA2C1010 
MA2C1020 
MA2CI0JO 
MA2C 1 0*0 
MA2C10S0 
MA2C10O0 
MA2C1070 
HA2CI08O 
MA2C109O 
MA2C1 100 
MA2C1110 
CONPOOIO 
CUNP0020 
LONPOO JO 
conpoo«o 
CONPOOSO 
CONPOOoO 
CONP0070 
CONPOOBO 
CONP0090 
COnPOI 00 
CONPOI |0 
C0NP0120 
CONPOI Jo 
CONPO 1 *0 
CONPOISO 
CONPO 1 60 
COnPOI  70 
CONPO 180 
CONPOI 90 
CUNP0200 
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* 7.  0,12,14,17,  0, 

7,12,14,17,  0.  0.  0,  0,  0, 

0,  0,  0/CUNP0210 

OAT*  «AR(,/ 

CUNP022U 

1 I « 2,  *>  0 « 0#  0, 

2,  4,  0,  0,  0.  0,  1,  2,  0, 

0,  0,  0.CONP025O 

2 «.  5,10,11,12,  •/ 

CONP024O 

DATA  JJ/ 

CONP025U 

1 1.  0,  0,  0,  0,  i,  0, 

0, 

0,  0,  0,  0, 

CONP026W 

2 0,  1,  0,  0,  0,  0.  0, 

0. 

0,  0,  Of  0, 

CONP027U 

5 1»  1,  0,  0,  Ot  1,  0, 

0, 

0,  0,  0,  0, 

CONP0260 

a 1,  0,  0,  0,  0,  I,  0, 

1. 

Of  0,  0,  0, 

CONP0240 

5 0#  1,  0,  0,  0,  0,  0, 

0, 

1,  o,  0,  0, 

CONPOiOO 

♦ i,  i«  o,  o,  o,  o « o , 

1. 

l.  0,  0.  0, 

CUNPO  71 0 

7 1#  0,  1, -1,-1,  Of  0, 

0, 

Of-1.  If-lf 

CONP052O 

• Of  If  Of  Of  Of  0,-l, 

0, 

0,  0,  Of  0, 

CONP055O 

4 If  If  l.-l.-l,  0,-1, 

0. 

Of-lf  1,-1. 

CUNPOiOO 

T If  Of  1,  If  1,  0.  0. 

0, 

0,  1.  I.  If 

CONP055O 

I o.  i.  Of  o.  o.  o.  if 

0. 

0,  0,  0,  0, 

CONP056O 

2 If  If  If  If  If  Of  1. 

0. 

0,  1,  1,  1, 

COnPO 570 

S If  0.  1.  If  1,  I,  0, 

If 

0,  1,  1,  1, 

CUNPOIOO 

• 0.  1,  0.  Of  0,  0,  1, 

Of 

1,  0,  0,  0, 

CUNP0540 

5 If  1.  1.  1,  1,  1.  1, 

1, 

If  If  If  1/ 

CUNP0400 

NERR  ■ 0 

CONP041U 

DO  10  I > 1.17 

CONP042O 

EP$(I)  a ,FALU, 

CUNPOOlO 

10  CONTINUE 

CUNP044O 

JaJ 

CUNP045O 

17 (ASSIST). IT. ACC) 

Ja| 

CONP0460 

17 (ABS(CT).LT.ACC) 

J«2 

C0NP04  70 

ir (mustos.lt.acci 

60  TO  20 

CONP040O 

IF(RLO-) 

60  TO  50 

CUNP0440 

17I2.lt. ACC) 

60  TO  40 

C0NP050O 

I«J«|4 

C0NP0510 

60  TO  50 

CONP052O 

20  1*2 

CUNP051O 

IM0L0-) 

!■! 

CUNP0S40 

60  TO  50 

CONP0550 

50  1 » J*5 

CONP056O 

17 (Z. IT. ACC) 

1*1-5 

CUNP0570 

6b  TO  50 

CONP05BU 

«0  l«J*ll 

CUNP0540 

J7 (ABS(R-I.O).LT.ACC) 

1*1-5 

CONP06OO 

50  17 (STRESS!  A). UR. STRESS! 

lOUCALL  LU6SET  (KAHCdfDfEPS) 

CUNP06 1 0 

17 (STRESS!  5)) 

CALL  LUCSE T (K AH6 ( 1 , 2 ) , E PS ) 

CONP062O 

IF (STRESS!  5)) 

EPS ( 5)*. TRUE. 

CUNPOOiU 

!7(STRtSS(ll)) 

EPS ( *)•«  TRUE. 

CONP0640 

|7 (S IRE  S$( 1 2 ) 1 

CALL  LU6SE T (4 AH6 (1,5),EPS) 

CONP0*5« 

17 (STRESS!  6). AND. (Z. 

6T  , 

ACC))  EPS(  1 )a, TRUE , 

CUNP0660 

17 (.NUT .STRESS!  0)) 

60  TO  *0 

CT)NP0670 

17(2, LT. ACC) 

60  TO  60 

CUNP06OO 

17 (R.6T .ACC ) 

EPS (5 )■, TRUE . 

CUNP064O 

00  17(1. LT. 5)  60  TO  100 

CUNP0700 

00  OO  J a |,12 

CONP071U 

17 (.KOT.STRESS(J)) 

60  TO  40 

COnPO  720 

17(JJ(J,l-2)) 

70,40,00 

C0NP07IO 

70  nERR  a 1 

CUNP074O 

STRESS! J ) a .FALSE 

• 

CONP0750 

12  > .FALSE. 

CONPOT60 

60  TO  00 

CUNP077O 

00  CALL  L06SE T ( 1 AR6(  1 

,J) 

.EPS) 

CUNP070O 

00  CONTINUE 

CUNP0740 

!7(NERN)  1*0,1*0,100 

CONPOOOO 

100  17(1-10)  110,110,120 

CONPOOIO 

t 


no  *R1TE(NUUT,9000> 

GO  TO  IttO 

120  «HI T£ (NUUT.9U20) 

stressi i i)  ■ .false . 
go  to  1*0 

ISO  *HITE(NOUT,90iO> 

STi)fSS(l»  * .FALSE. 

IF (S  t HESS ( 12 ) ) GO  TO  ISO 

t«o  ifcstressijj. or. stressed 

JF (SI MESS (19))  GO  TO  ISO 
IF (ST HESS (IT))  GO  TO  ISO 
IF($T«ESS(20))  go  to  iso 
IF(STR£SS(22>)  GO  to  ISO 

if ismssusn  go  to  iso 

IF (S  TRESS (27 ) ) GO  TO  ISO 
N2  * .FALSE. 

ISO  STHESS(IO)  a .FALSE. 

S TRE  SS ( 1 9 ) a .FALSE. 
STRESS(21)  « .FALSI. 
stressed  a .FALSE. 
StHESS(2«)  a .FALSE. 

ST  HESS ( 26 ) a .FALSE. 

160  1FU0A0.GT.ACCI  GO  TO  ISO 
00  170  J a l.S 
170  tPSU)  a .FALSE. 

ISO  RETURN 

9000  FORhAU"  AT  THIS  POINT  S»t« 
lULARITf) 

9010  FORMAT!*  AT  THIS  POInI  SRT 
I) 

9020  FORMAT!*  AT  THIS  POINT  SRR 

1 M I C S I NCUL  AR I T T* | 

END 

SOHROUT I Nf  GENOA! (N. Nil HOS 


COmmon/(,EOAT  a/BZERUS  (169.2),  EEROS  (296) 

IF (R.Lt .ACC.OR.AHS(R»t,0).LT,ACC)  GO  TO  «0 

1*1 

J«t 

00  20  a* I ,296 

IF(I.GT.1«9)  GO  TO  JO 
IF(J.GT.|«9I  GO  TO  JO 

IF (BZEROSII »2),lT,8Z£R0S(J»N*I )/R)  GO  TO  10 
2E HOS (a  ) a BZE RuS ( J , N*I ) /R 
Jaj*l 
CO  TO  20 

10  Z£H0S(*)a82ERUS(I.2) 

1*1*1 
20  CONTINUE 
JO  NZEHOS  a a • | 

RE  TuRn 

*0  IF (R.GT.ACC)  GO  TO  70 
SO  00  60  I * l . I #9 

ZER0S(I)aBZERUS(I,2) 


C0NP062U 

CONPUSJU 

C0NPU66U 

CUNP06SV 

CUNP066V 

CONP067U 

C0NP0A8V 

CONPOS9U 

60  TO  ISO  CONP090W 

C0NPV91W 
CUNP092V 
CUNP09JW 
CONP096U 
CONP09SV 
LONP096V 
CONP0979 
IONP09SV 
C0NP099U 
CONPIOOV 
CONPIOIV 
C0NP1029 
CONPIOJ9 
CONFI OaV 

CONP10SU 

CO NR | 06b 
C0NPI07V 

, S T T .ERR  ANO  EZZ  HAVE  A LOGARITHMIC  S I NftCONP 1 06« 

CONPI09U 

AND  CRT  HAVE  A LOGARITHMIC  S I NCUL ARI TV *CONP| 1 0 « 

CONPIIIU 

.STT.SRt.ERR.EZZ  ANO  ER1  have  A LOCaRITmCOnpi |2U 

CONPI I JW 
CONPilau 

, R , ACC ) 6END001 V 

...... ............ ..................... .GENO002U 

IS  SUBROUTINE  GIVES  the  zeros  UF  the  GEnOOOJV 

OOUCTS  J0(XR)*J1(X)  AND  JI(XR)*J|(X)  IN  GEnDOOaO 

E RIGHT  ORDER.  THE  SUSSfcOUENI  ZEROS  ARE  GENDOOSO 

OREO  IN  ZEROS  FOR  USING  THtM  IN  InCRAL.  GEN0006U 

E ZEROS  OF  JO  ANO  J1  ARE  STORED  AS  GEN0007V 

EROS  IN  ThE  BLOC*  OATA,  GEND008V 

....................... ...— ...—..—...UtNU009v 

) . ZEROS (296 ) GENDOiOU 

CT, ACC ) GO  TO  AO  GENOOI10 

GEND012V 
GEN001 JV 
GENOOIAU 
GEN001SU 
GEND016U 

S(J,N*1)/R)  GO  TO  10  GEN00I7U 

)/R  GEND0I6W 

GENU0I9U 
6EN0U20U 
GEN0021U 
GEN0022V 
Gt  i<002  JW 
GEN002AU 
GEnDv2Su 
GEN0Q26U 
GEN0027U 
GEND026U 


This  SUBROUTINE  GIVES  the  zerus  UF  the 

PRODUCTS  J0(XR)*J1(X)  AND  JI(XR)*J|(X)  IN 
the  RIGHT  ORDER,  the  SUBSEUUENI  ZEROS  are 
STORED  IN  ZEROS  FOR  USING  THtH  IN  InCRAL. 
The  ZERUS  UF  JO  ANO  J1  ARE  STORED  AS 
BZEROS  IN  ThE  BLOC*  OATA, 


F-18 


•0  CONTlNUt 
NZER0$»109 
RETURN 

70  IMN.EU.l)  CU  TO  50 
00  00  *«1,I09 

ZENOS ( 2 *K -I J=«ZER0S<K, 1 ) 
ZER0S(2*K  >«BZEROS(k,2) 
SO  CONTINUE 
N2EHUSB290 
RE  TURN 
END 

SUBROUTINE  ASVmPT(R,ACC) 


GtN00290 
GtN00300 
GENOO  3 1 0 
UEN00320 
GENU0310 
GEND03OO 
GEND03SO 
GEN00S60 
GEN00J7U 
GEN00360 
GEN00390 
ASYM001 0 


THIS  SUBROUTINE  ORGANIZES  ThE  COMPUTATION  ASYMOOSU 
07  ThE  ASYMPTOTIC  PANT  U^  THE  INTEGRALS  ASymOOOU 
AS  USED  FOR  T Ht  TOP-LAYfcW  ONLY,  ASYM0050 
ASYMPT  CALLS  IN  SUBNUUTINE  ASS  ASYMOOoO 
ASYMPT  CALLS  IN  FUNCTIONS  FLLE  ASYmoO/O 

FLLK  ASTM0080 
7LMU0A  ASVM0090 


DOUBLE  PRECISION  OR , K ACC2 , C , E LL t , t LLK , FILE , FLLk 
COMMON/CONS T/C.ELLt .ELLK.ALMBDA 
IMR.LT,  ACC)  GO  TO  10 
DRsOBLC(H) 

KACC2»( ( 1 ,000-DR 1*1 1 ,ODO-DR)aC»C )/<  < 1 ,ODO»DR) •( I ,ODOAOH)aC»C) 
ELL«»FIlk(kACC2> 

ELLE  »F LLE IKACC2) 

ALMBOA  s FlmB0A{DR,C.ELLK,ELLE.kaCC2) 

10  CALL  ASS(ACC.R) 

RETURN 

CNO 

DOUBLE  PRECISION  FUNCTION  FLLMKACC2) 


THIS  7UNCTI0NSUBRUUTINE  EVALUATES  THE 
COMPLETE  ELLIPTIC  1NTEGRAI  OF  T mE  FIRST 
KINO  FROM  A SERIES-EXPANSION  ACCORDING  Tu 
BYRO  AND  FRItONAN, HANDBOOK  OF  ELLIPTIC 
INTEGRALS  FOR  ENGINEERS  AND  PHYSICISTS, 
FORMULA  900.00  FOR  KACC2.GE.0.S 
FORMULA  900,06  FUR  KACC2.LT. 0.5 


ASYMOl 10 
ASYMOtZO 
ASVM0130 
AST  My  1 00 
ASYH01SO 
ASYMOI60 
ASYMOl 70 
ASYM01BO 
ASYM0190 
ASYM0200 
ASYR021O 
FLLK001W 
•FLLK0020 
FLLK0030 
FLLKOORO 
FLLKOOSO 
FLLK006O 
FLLK0070 
FLLKOOSO 
FLLK009O 


DOUBLE  PRECISION  KACC2.KA.P1 ,KACC  FLLKOIIO 

KA  ■ | , 000-K ACC2  F LL* 0120 

IFJKA.GT. 0,500)  GO  TO  10  FLL«0130 

FLLK*1,0D0aKA»(0,25U0*KA*{0,100o25D0aKA#(0,09765625D0*ka«(0,070768FLLK0100 
1066oOOaKA*(0,060S621336DOaKA»C0.05UB69U15000»kA •( 0,003878793700 aKAFLL*0 150 
2*  (0, 036565 306500 AKA.IO^O 399 336000 aaa. ( 0 . 0 3 1 0 05uu 1 200 .K A • ( u . 0262BF LL* 0 1 60 
37235 30 0*KA* (0 ,0259790  7o  300  aka • (0 , 02o0 19 1 1S2U0 aK A • (Q,U2233o1012D0akFLLK0|70 
OA  #0  , 020S6 99 76600  I)))))))))))))  FLLKOI60 

GO  TO  10  FLLK0190 

10  KACCkOSOHT (KACC2)  FLLK02OU 

IFIKACC.LT, I.OO-Oo)  GO  TO  20  FLLK02IO 

M 1 m-OLOG ( K ACC ) FLLK0220 

FLLKkmi  .(  1 ,OOOakACC2a(0,25DOaKACC2a(0, 1 o 062500  a* ACC 2a ( 0 . 0976562SD0F LL* 0230 
1 «K ACC2*(0.07«76S066000AKACC2*( 0,060562 13 3600.* ACC2* (O.OS0SS9O IS  OFLLK02OO 
20 »KACC2*(0.0« 3676 7937  00 AKACC2* ( 0, 0385653065  nu  ♦*  ACC 2 • ( 0 , 0 30 399  J JbH L* 0250 
30  D0akaCC2*<0. 0310050012  OOaKACC2a ( 0 , 0262872353  DO AK AL C 2 a ( 0 . 025979F LL* 0260 
• 0703  00*KACC2*(0. 0200191  152  Doa*ACC2*0. 0223301 012  00 >)))))))))))) >FLL«027w 
5f 1. 366290 3600 AK ACC2*( 0.09657 3590 300 aKACC2«(0, 030685 1OO5O0aKACC2*T OF LL« 0260 
6, 01 0937600000  A* ACC2* 1 0.00876631 2200 akALL2*( 0,005750887 700 aKACC2*(0FLL *0290 
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7. 0060666S8SO0*KACC2*  <0,00 JG225U6SOO*KACC2*  <0,002 SiSIS  T2D04*ACC2<>  ( OFLLKOIOO 

8.  0018*80  7 0JD0*KACC2»(  0.001b  US  I 1 600  ♦«  ACC  2*  1 0 . 0 0 1 2S6S9 1 1 00  »K  ACC2  • ( nHL«  0 1 J 0 

9.  00  1 OS9929TDO  ♦ * »«2  • ( 0,0  0 09060b9600  4KACC2  *0,0  00  76 16 1 | 8DU )))))))))) F LL* 0 J2U 


T))> 

FLLK  * 2,0D0oFLL«/J,lu|‘>926SJ500 
GO  TO  JO 
20  FLt*  * 0,000 
10  RETURN 
END 

DOUBLE  PRECISION  FUNCTION  FlLE(kaCC2) 


this  funcuonsuhroutine  evaluates  the 

COHPLETE  ELLEPTIC  INTEGRAL  OF  THE  SECOND 
KINO  from  A SEMIES-E xPanSION  ACCORDING  TO 
BYRD  AND  FRIEDMAN, HANDbUUK  OE  ELLIPTIC 
INTEGRALS  EUR  ENGINEERS  AnD  PHYSICISTS, 
FORMULA  000,01  FOR  KACC2.GE.0.S 
FORMULA  900,10  FOR  «ACC2.LT,0.5 


FLLKOJJO 
FLLKO J6U 
FLLKOJSO 
FLLKO J60 
FLLKO J70 
FLLKU J60 
FLLEOOIO 
-FLLE0020 
FLLEOOJO 
F LLtOOfO 
FLLE0050 
F LLE  0 060 
FLLE007O 
F LLEOOOO 
FLLE0090 
•FLLEOIOO 


OOUBLE  PRECISION  K ACC2 , K ACC , K A FLLE  0110 

KA  * 1.0DO-KACC2  FLLE0120 

IF(KA.GT.O.SDO)  GO  TO  10  FLLE01JO 

FllE*1 ,ODO-KA.(0.2SnO*KA.(O.Oa6e?SOOAKA«tO,019SJ12bDO*KA»(O.OlOhRlFLLE01«0 
I 1S2 JDu»K A« (0,006  7291 26000 ♦* At ( 0 , 006626276 1 DO *K A* (0,00 JJ 7S29 1 6D0 »KAFLLE 0 1 SO 
2»<0.002S/I02J100»*A»<0.0020216906D048A*(0,0016JJ96BS004KA.O.OOI J«7FLLE0l60 
1011200))))))))!)  FLLE0I7O 

GO  TO  JO  F LLEO 1 80 

10  KACOOSURT  (KACC2)  FLLEOIOO 

IF (KACC.LT. 1,00-0*)  GO  TO  20  FLLE0200 

FLLE* I ,ODO-O.SOOO«kaCC2»OLOG(kaCC )•(» , ODOtK ACC2* < 0 . 1 7S004K ACC2* ( 0 FLLE 02 10 
1 ,2J« J7S00»KACC2»(0.1  7 0898  0 1 TBDO ♦* ACC  2 • C 0 . 1 J«S"2S 1 9600 ♦* ACC2 • ( 0 , 1 1 1 FLLE 0220 
20J0S786D0*KACC2»(0,09oS0817l I DO *k ACC2 •< C , 0822727 18200 *KACC2 •< 0 , 072F LLE02 JO 
18«56Sj600*K*CC2»(O,06SlS8M9Ji)0*KACL2«(O,0592b6u9ilO0»KACL2»(0,0SoFLLE02o0 
«2l 7201 1004KACC2»(0.0«99S9760600*KACC2«10,OU6122S80200»KACL2»0,0011FLLE02,>0 
S 79262 100) ) )))))))))) ) )*0,2SO0»KACC2«(l.772S6«72200*KAC.L2»(0.22722nFLLE026O 
67 70700 ♦kACC2»(0, 087 J2Sa81700*K ACC2»( 0.0«6 1 7808S600»kACC2»(0.028S68FLLE 0270 
70012D0»aACC2*(O,0I9u1897JJO0**ACC2a(0,01608875|600«kacC2»(0.O1 066RFLLE0280 
89OJU00 *KACC2*(0.0O8}«SS89SO0«K ACC  2* (0,0067 1667) 700*KACC2*(0,00SS22FLLE 0290 
9288800 »KACC2*( 0.00662099 J600 akaCC2*( 0.00 19229 10oU04KACC2*(0, 00 J172FLLE010O 
T2S6900«KACC2*0.0029299298UO) ) ))))))))))))  F LLEO 11  0 

FLLE  * 2,000*FLLE/1,1«1S926«>1SOO  FLLE0120 

GO  TO  10  FLLEOJJO 

20  FLLE  ■ 2,000/1. 161S926SJ5D0  FLLEOlRO 

10  RETURN  FLLE0J5O 

End  FLLL0J60 

FUNCTION  FLH80A(OR,C,ELLK,ELLE,KACC2)  FLMBOOIO 

FLH80020 


THIS  FUNCT 10NSUHRUUT INE  EVALUATES  THE 
heuman”s»lamuoa  function  from  a series* 
expansion  according  to 

8YRU  AND  FRIEDMAN, HANDBOOK  OF  ELLIPTIC 
INTEGRALS  FOR  ENGINEERS  AND  PHYSICISTS, 
FORMULA  906,00 

USE  IS  MADE  OF  THE  COMPLETE  ELLIPTIC  INTE 
GRALS  OF  THE  FIRST  AND  SECOND  KIND  ELLK 
AND  ELLE  EVALUATED  HY  FLLK  AND  FLLE. 


FLMBOOJO 

FLM8006U 

FLMB005U 

FLMB006U 

FLMB0070 

FLMB0080 

.FLMB009O 

FLMB010O 

FLMBOUO 

•FLM80120 


OOUBLE  PRECISION  DR, 0 AS  I N, SUM, PH  I, OS, DC, A, T, A I , K ACC2 , T m A I , 0 AR ,1  LLKFLMBO 1 JO 


1 * ELLE  ,£ ,K ,C 
OAR  * OAHSd  .ODO-DH) 
IF (C.LT.DAN)  GO  TO  10 


FLMBO 1 *0 
FLMB0150 
FLMB0I60 
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DAS  1 N * DAR/C 

PHI  s 1 ,S70796S26«00-OATAN(OASIN) 

co  to  sn 

to  OASIN  A C/OAH 

IF (C.LT . (0. 10-OS*DAR) ) go  TO  20 
PHI  s OAT AN(DASKN) 

co  to  in 

20  Phi  * OaSIN 

JO  IF ( OAB5 (PHI -1,5 70796l26600),GT, 1,00-6)  CO  TO  40 
FL"BOA*l  ,0 
CO  TO  60 
*0  DSxDSlMPHI  ) 

DCSOCOS(PHI) 
t « ELLE 
A « ELLA 
FLHBOAxPHl •( 

T*O.SOO*(PHI-OS*OC) 

A*O.SOO»kacC2 

SU«*a*T»(2,000*«-C) 

IF (SOH.LT.l .00-07)  GO  TO  60 

I«! 

SO  FLMBDA  a FLMBOA-SHCL(SUH) 

I«UI 
A I * I 

T«A I *2.000* A 1.1,00* 

T*0,5D0*T»T«AI/AI-0.500*DC«(DS*»TmAI)/AI 

a*O.SOO»a.(T«.AI-2.0DO)**ACC2/aI 

SUH*A*T*(2.000*AI»*«T*<Al»E) 

IFISUH.Gf. 1.00-07)  CO  TO  SO 
60  RETURN 
END 

SUHROUT I NE  ASS(ACC.R) 


F L HbO 1 70 
FLMH0186 
FLMB0196 
FLMB0206 
F LH002 1 0 
FLH6022U 
FLHB02JO 
F l MB0266 
FLHP02SO 
FLMB0266 
F L MB0276 
FLMB0280 
FLMH0296 
FLMBOiOO 
F L«BG  3 1 0 
FLHB0J2O 
FLHBOliO 
FLMB0366 
FLHH0J5O 
FLHB0J60 

FLMB0J7W 

FLHBOJBU 
FLMB0390 
FLMB0606 
FLMB0«1« 
FLMH0626 
FLMBOO J6 
FLNB06O6 
FLMB06SW 
FlmBOubO 
FLNB0676 
ASS  0016 


this  subroutine  commutes  the  lipschitz. 

HANKtL  INTEGRALS  Id.J.K)  FROM  EXPRESSI- 
ONS in  earlier  evaluated  elliptic  functi- 
ons OF  THE  FIRST  AND  SECOND  KINO. ELLA  AND 
ELLE.ANO  hEUMAN-S-LAMBOA  Function, almhoa. 

reference 

Eason, noble  and  SNEOOON, CERTAIN  INTEGRALS 
OF  LIPSCHITZ-HANKEL  TYPE  INVOLVING  PRO- 
DUCTS OF  BESSEL  FUNCTIONS, PHILOSOPHICAL 
TRANSACTIONS, VOL  267, SERIES  ARJS.APHlL 
|95S,PP  S29-566. 

F )UHI«I(l,OT-l) 

FIOO  *1(1,070) 

F 1 0 1 *1(1,071) 

F11M2.I (1,17-2) 

F1|M1*I(1,17-1) 

F 1 1 0 *1(1,170) 

Fill  *1(1,171) 


■ ASS  0026 
ASS  0036 
ASS  0066 
ASS  0056 
ASS  0066 
ASS  0076 
ASS  0006 
ASS  0096 
ASS  0106 
ASS  0116 
ASS  0126 
ASS  0136 
ASS  0166 
ASS  0156 
ASS  0166 
ASS  0176 
ASS  0186 
ASS  0196 
ASS  0206 

■ ASS  0216 


C Ommon /CONS T/C,ELLE, ELL* , ALMHOA 

COMmon/C NT InG/F I 0M1 ,F 1-00, F101,F1| M2, FI1H|,F1|0, Fill 
DOUBLE  PRECISION  UH,C«DEPR,DLmR,0C2,0RT2«DNT,0A0,DR2,0RC2. DRRT , 
10E«RR.ELLE,ELL* 

EC  > SNGL(C) 

IF(H.LT.ACC)  CO  TO  20 
EMR  a 1.0-H 
EPR  a I , 0*R 
C2  a EC *EC 


ASS  0226 
ASS  0236 
ASS  0266 
ASS  0256 
ASS  0266 
ASS  0276 
ASS  0286 
ASS  0296 
ASS  0306 
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BT2  s C?*£PB»EPR 

ASS 

0110 

H T 3 SQBUBT2) 

ASS 

0120 

Hi  3 R*W 

ASS 

0110 

E*RB  3 I.0-R2 

ASS 

Olou 

Oh  * l)ftl  E ( R ) 

ASS 

0150 

D£PR  s 1.0D0*DR 

ASS 

0160 

Dt*B  s l.OOO-DR 

ASS 

0370 

OC2  * C*C 

ASS 

03BO 

DR  72  s PC2*DEPR»DEPR 

ASS 

0190 

OBI  * DSOBT ( DR  72 ) 

ASS 

o«ou 

0*0  * 0C2*DE*R»DE*R 

ASS 

0410 

0 H2  a OH*DB 

ASS 

0020 

DHC2  s 0B2*0C2 

ASS 

OHIO 

DBS!  s OR*DRT 

ASS 

Q«4U 

DE*RB  « 1.0O0-DB2 

ASS 

OOSO 

£101  s O,SDO»<Ell£«(l.OUO-DRt2)/(DAD»0RT)*lLLI</ORT) 

ASS 

0060 

1110  s uRT»(llLK*U.ODO*ORC2)/ORT2-Elll)/(2;ODO*DR> 

ASS 

0070 

£111  3 CMElLE »(l,OO0«DRC2)/O*D-eil*)/(2.OOO»OR»T) 

ASS 

OOBO 

£10*1  a O.SOO»EILE«ORT 

ASS 

0090 

£100  a -0.500»C»Ell«/DRT 

ASS 

0500 

f 11*2  x -C •(C*EllE*URT/ <4,000 •DR)-C«tllK*(l,0D0*0R2*0,SD0«DC2)/ 

ASS 

0510 

1 (2.0UO*ORR7 ) )/1.0DO*DR*<ORT*EIIE/2.0DO*PEmBR»EH6/<2.000«ORT ))/ 

ASS 

0520 

21. 000* <Ell£*DBT/ (2. 0D0*GR)-DE*RR»Ell*/ (2. ODO*DRRT) 1/3,000 

ASS 

0510 

f l 1*1  x 0.500 *10. 500 •lllE«Co0RT/0R-tll**C«U,000*0R2 *0.500*002)/ 

ASS 

0540 

10RBT 1 

ASS 

0550 

MLB  » B 

ASS 

0560 

1 £ (B.CT.1,0)  *IP*1,0/R 

ASS 

0570 

I£<ABS(E*R).lT.ACC)  CO  TO  10 

ASS 

0500 

£ 10*1  « F10*l*0.SMSNGlltll*>*E*RR/KI*SlGN<tC»Al*BDA,l*R)) 

ASS 

0590 

£ 1 0 0 3 £100*0. 5«SI&N(Al*UDA,-l*R) 

ASS 

0600 

£11*2  « f I1*2-EC*aih«0a*SIGN(1,o,E*R)*E*RR/(4,0*R) 

ASS 

0610 

£11*2  x £ 1 1*2-EC*  <*lP/2.0*HLP)/3.0 

ASS 

0620 

£11*1  * f 11*1*$IGN(0,2S,1*R)»E*RR»AIHBDa/R*0,5*hiP 

ASS 

0630 

I£(B.CT.l .0)  GO  10  10 

ASS 

0640 

£10*1  3 £10*|«tC 

ASS 

0650 

£100  s £100*1,0 

ASS 

0660 

GO  TO  10 

ASS 

0670 

10  £10*1  3 £10*1-0. 5*EC 

ASS 

0600 

£100  3 £100*0. S 

ASS 

0690 

£11*2  « £11*2-0. 5*EC 

ASS 

0700 

£11*1  x £11*1*0. 5*MLP 

ASS 

0710 

GO  TO  10 

ASS 

0720 

20  AO  s 1,0*£C*EC 

ASS 

0730 

RT  s SORT ( AD ) 

ASS 

0740 

A0»T  a AO*BT 

ASS 

0750 

£101  a 1,0/AOBT 

ASS 

0760 

£110  a O.S/AORT 

ASS 

0770 

£111  * 1.5*EC/(A0»A0BT) 

ASS 

0700 

£10*1  a RT-EC 

ASS 

0790 

£100  3 1,0-EC/BT 

ASS 

0000 

£11*2  « 0 ,5* (RT-EC ) 

ASS 

OHIO 

£11*1  a 0,S*(1,0-EC/BT) 

ASS 

0620 

30  be  Turn 

ASS 

0030 

END 

ASS 

0640 

SUBROUTINE  INGBAKIl,  INTV.1NTT.1NT) 

INGB0010 

- ] NUkO OPU 

This  SUBROUTINE  IONTROIS  The  SI*UlTANEOUS 

1NGR0010 

CO*RUT  A T 1 0*  OE  A GROUP  OUT  0£  THE  I 

7 INTE 

.1NGROOUO 

GBAIS. 

INGBOOSO 

I L* 1 » T*E  GROUP  *1TH  J0(£B)J1 (X)  IN 

INTEGB 

, INGR006U 

11*2. THE  GROUP  «ITH  Jl(XR)Jl(k)  In 

1 NTE6R 

.INGROOTO 

i 
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t hi  elements  of  i*»rv  are  iMt  numbers  of 

REUUlREO  INTEGRALS  UF  Th£  GROUP, 

INTT  IS  THE  TOTAL  NUMBER  OF  REQUIRED  INTE- 
GRAL IN  THE  GROUP. 

the  set  of  computed  integrals  is  oelive- 

REO  IN  INT. 

actual  integration  by  means  of  a gauss* 

UUAORATURE  IS  PE  Rf  0RH£  U bY  CALLING  QUAD, 
INTEGRATION  PROCEEOS  HY  UUAORATURE  oyer 

intervals  from  one  hessel  zero  to  the 

NE*T,  FROH  the  ORIGIN  TO  The  FIRST  BESSEL 
ZERO  A LEGENORE-GAUSS  UUAORATURE  OF  OROER 
R , OB  T A I N I NG  DESIRED  ACCURRACY  BY  SUBSE- 
QUENT SUBDIVISION  OF  THE  INTERVAL. 

FROH  the  first  besselzero  on  A JACOBI- 
GAUSS  UUAORATURE, OBTAINING  DESIRED  ACCU- 
RACY HY  SUBSEUUE  N T RAISING  THE  ORDER 
STARTING  -ITH  THE  ATM  order. 

INTEGRATION  STOPS  AS  SOON  AS  TnO  SUBSE- 
QUENT INTERVALS  DO  NOT  CONTRIBUTE 
SIGNIFICANTLY, 

INTEGRATION  stops  PREMATURELY  JF“ 

•in  THE  FIRST  INTERVAL  MORE  Than  SO  SUB- 
DIVISIONS ARE  NEEDED. 

-in  the  folloring  intervals  even  the  isth 
order  is  not  accurate  enough, 

•EVEN  The  I aV-Th ( 29H  THIINTEHVAL  DOES 
GIVE  a NON-NEGIGIBLE  contribution. 


INTEGER  ALFA, ORDER, INT V ( 1 0 ) , INT V2 (1 G } , 1NT VS  1 1 0 ) ,RR 1 1 0 ) .BETA 
HEAL  HiDPNT,LO«EH,LOAO,NU,ACCUH(S),K*,COHP(10).FIHSTUO), 

I SECOND! 10) ,INT (1 7>,HES( 10) 

CUHHON/ASOr/LAV£R,NLAVS,H,«,Z,NUUO),ACCOR,LOAD,HOSlRS,NZEHUS,H(«) 
I, RSI  I 0 ), E ( 10 ),ALI9), THICKER), RADIUS! 10) 

COmhOn/GEUa  T A/6ZER0S(IR9,Z). ZEROS! 29# ) 

COhhON/CNTING/F |0N| ,F I00,F101,F| IHZ.E 1 |Hl ,E U0,E 111 

COHHON/TARC/NUUT 

NTELL  • 0 

NINT  a 1 

IF(IL.EO.Z)  MINT  a 10 
00  1000  I a I, NINT 
KR  ! I ) ■ 0 
1000  CONTINUE 

IFILAyER.NE.I)  60  TO  2000 

CALCULATION  UF  The  ASYMPTOTIC  part  of  The 
INTEGRALS, for  POINTS  IN  THE  TOPLAYER  ONLY, 


INGROOBU 

INGRUOOV 

INGR010O 

INGROl t« 
INGR012U 
INGMOlJU 
1NGH0I AU 
INGH01SV 
INGMOlbO 
INGROI 70 
INGHOI0V 
I NGPO 1 90 
I NGH0200 
I NGR02 | 0 
INGR0220 
1 NGR02 )U 
INGMOZUU 
INGR025« 
INGROZbO 
INGR02TU 
INGHO20U 
INUR0290 
INGROSOO 
I NGMO  S 1 V 
INGR0120 
INGROJJO 
I NGRO JaO 

INGROSSO 
InGROJsO 
INGR0S7V 
INGROiOV 
INGR0S9V 
InGROaou 
1 NGRO A 1 V 
1NGR0A2U 
INGROA JV 
I NGRO A A V 
INGR0A5V 
INGROAbU 
INGR0A7U 
I NCRO AO V 
1NGR0A90 
INGROSOO 
1 NGROSl  0 

INGHOS20 

INGROSSO 

INGROSAU 


00 

1190  I a 1 , nInT 

-INGROSSO 

INGR0S60 

a a INTVII) 

1NGR0STO 

IF(K.EO.O)  GO  TO  1190 

INGROSSO 

GO  TO  11010, 1020, 1030,1090, lOSO.lObO, 1070,1080, 1090, 1100, 11  10, 

1NUROS90 

t 

II 20,1110.11  AO, 1 1 50,1  160,1170),* 

INGRObOU 

1010 

INTER)  a F 1 00*Z*f ID  1 

INGRVbl V 

GO  TO  1190 

1NGR062W 

1020 

INTER)  a F100 

INGRObSO 

GO  TO  1)90 

INGR06A0 

I0S0 

INTIK)  a -2,0* ( 1 • 0-nu !I))aFIOHI-Z*FIOO 

INGRObSO 

CO  TO  1190 

1 NGRObbO 

1090 

INTER)  a ||,O-2,0anU!I))*F11H)-ZaF110 

I NURObTV 

CO  TO  1100 

INGR0600 

2060 


IF(InTv1(J).€G.0>  GO  TO  2090 
IF (ABS(C0mP(JI1.LT.ACCUR<2) ) GO  TO  2000 

IF(*BS((C0HF>(J|-F lwST(J)-SECONO(J))/CU«P(J)).LT.*tCUM 1)) 
GO  TO  2060 
GO  TO  2090 
INTT3  * INTTJ-! 

IF(LO«EB,r.T.*CCOW(J))  GO  TO  2090 
I NT  T 2 ■ INTT2-I 
a 0 


INTVS(J) 

2090  CON T 1 Not 

IMlNTTJ.tQ.O)  GO  TO  2110 
ALE*  a 0 
LO«ER  > HIDPNT 
DELTA  a 0,S*0t LTA 
BETA  a SETA»1 
IF (BETA, G1 .10)  GO  TO  2150 


ARRIVAL  HEBE  MEANS  THAT  THE  INTEGRAND  IS  TOO 
IRREGULAR  TO  GET  INTEGRATED  OVER  THE  BEG  I ON  FBOH 
The  ORIGIN  TO  the  first  BESSEL  ZERO, 

IRES  a 1 

DO  2100  J a 1 9 N JNT 

COHP(J)  a SECONO(J) 

RESCJl  « FIBST(J) 

2100  continue 

1 NT T J a 1 NT T2 
CO  TO  2070 

2110  00  2120  J a I.nInt 
« a INTV2(J) 

IF(a.EO.O)  GO  TO  2120 
I NT ( a ) a INT(a)»F IBST(J)»SECOnD(J> 

IF(InIvMJ).ne.O)  GO  TU  2120 
INTvZ(J)  a 0 
2120  CONTINUE 

UPPER  a LOoER 
INTTJ  a I NT  T? 

IFialfa)  iooo.21ao.2130 
2130  OElTA  a OELT A*2,0 
BETA  a BE  T A • 1 
2190  ALFA  a ALFA»1 
GO  TO  2020 

2150  »HITt(NOuT,90AO) 

GO  TO  3160 


INTEGRATION  OVEN  THE  Nt HA  1 N I NG  INTERVALS, 


3000  IF  IN  a N/EROS-1 

DO  3*10  J a 1 , N 1 NT 
INTV2(J)  a INTV(J) 

3010  CONTINUE 

1 NT T2  a 1NTT 

00  3130  1HESS  a 1 , IF  IN 

00  3020  J a I.NINT 

I N T V 3 ( J ) a 1 NT  V2 ( J ) 

F IRST ( J)  a 0,0 
3020  CONTINUE 

1 NT  T 3 a INTT2 

00  3070  ORDER  a A.JS 

CALL  OUAO (IL.  INT V3. ZEROS (IBESS), ZEROS ( IBESSAl ), ORDER, SECOND. 
1 NTELL1 


1NGR130U 
I Nf.R  l 3 1 V 
INCHI  120 
I NGR 1310 
1NGR|3«V 
I MGR  1350 
INGB136U 
I NGR 1370 
INGN13BO 
INGR139U 
1 NGR 1 BOO 
INGB 1 B 1 V 
INGR1B20 
1 NGR 1 a 30 
I NGR 1 OR  0 

ingrirso 

1 NGR I960 
INGR1A7U 
I NGR 1 900 
I NGR 1 tt90 
1 NCR  1500 
I NGR 1510 
INGR1S20 
I NCR  15  30 
1NGN15BO. 
I NGR 1550 
I NCR  1560 
INGRIS70 
I NGR 1560 
I NGR 1 590 
I NGR 1 600 
I NCR  1610 
I NGR 1 620 
INGR161U 
INGRI6R0 
1NGR1650 
I NGR 1 660 
INGR1670 
INGR1660 
I NGR 1690 
I NCR  1700 
I NGR 1710 
I NGR 1720 
1N&R1730 
INGR17RO 
INGRI 750 
1 NGR 1760 
INGRI 770 
INGRI 760 
INUR1790 
I NGR 1600 
I NGR 1610 
I NGR 1620 

1 NGR 1630 
I NGR 1 HaO 
I NGR 1650 
1 NGR 1 660 
INGRVA70 
I NGR I860 
I NGR 1690 
1N&R190O 
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w 


1 


r 


i 


1050 

1**T«K)  » 1 1 1 

I 6CR064O 

60  TO  1140 

I6G6070O 

1060 

IMim  a F | 00*2*7'  1 0 1 

166*0710 

1070 

no  TO  1140 

14660720 

I6T(H)  a -2. 0*<l .0-611(1 ) )*F|UN1*Z*F loO 

I6GH07IU 

60  TO  1140 

I66M0  7*0 

1000 

I*t(K>  • *2.0*(l.0*6U(l))»F110*Z*F|li 

I66R075U 

GO  TO  1140 

14660760 

10*0 

16TCH)  a *7110 

I66H0770 

CO  TO  1140 

146607*0 

1100 

I6T(H)  a F 1 |HI*2*F1 10 

l 6640740 

60  TO  1100 

166*0*00 

1110 

141(H)  a F|l*| 

1666001b 

1120 

60  TO  1100 

I 6660020 

I6T(H)  a -2.0*(1.0*6U(1  ))*FI|H2«Z*M|H1 

166600)0 

60  TO  1100 

l 6660060 

1110 

INT(H)  a *F | 00 

I 6660050 

60  TO  1140 

16GR006U 

1160 

1 6 T (FJ  a FI0H1 

1 6660070 

60  TO  1140 

16660000 

1150 

161(H)  a F110 

16660040 

60  TO  1140 

16660400 

1160 

161(H)  a .M|N| 

I 666041 0 

60  TO  1100 

I 6660420 

1170 

16?(H)  a r 1 1 M2 

166604)0 

1160 

IF(6.6t.ACCU*(l))  161(H)  a I4l (K)/R 

J66R04UO 

11*0 

C04TI4UE 

166604*0 

c_ 

IF (NLAVS.iO.l)  60  TO  11*0 

I 6 *60460 

c 

161 E 6661 1 ON  E606  THE  06 1616  TO  TMt  M- 

1 6660400 

c 

(••••I 

BESSELZMO. 

16640440 

2000 

I6T1J  a I 6T 1 

I6G6I0IO 

1411)  a 1 6T T 

16661020 

00  2')  1 U J a l * 6 1 6T 

166610)0 

I4TV2(J>  a *1 6 T V ( J ) 

I 666 (000 

iNTyj(j)  a 1 6 t v ( j ) 

1666)050 

2010 

C061I6UE 

I 664 1 0*0 

UPPER  * ZEHOS(l) 

16641070 

BETH  a 0 

I6UH104O 

ALFA  a 0 

I 6641000 

IRES  a 0 

16641100 

DELTA  a 0.5*ZE60S(1) 

1 664 1110 

2020 

L0«E 4 a UPPE4-0ELTA 

16641 120 

IF  (L0*£H.*CCUH(l ))  20)4,20)0.2040 

166411)0 

20)0 

ALFA  a *1 

146611*0 

L0»EN  a 0.0 

16661150 

2060 

IF (I4£S,f Q, 1 ) 60  TO  2050 

16661 160 

CALL  00*0 ( 1L  , I *lv  ),  L (>»£*,  UPPER, 16»C0hP,6TELL ) 

16641170 

IF (6T£LL.6£ ,0)  60  TO  )100 

16641100 

60  TO  2070 

166*1)40 

2050 

00  20»0  J a 1,6161 

166*1200 

COhP(J)  a R£S(J) 

1666)210 

2060 

C061I6UE 

166*1220 

IRES  a 0 

166412)0 

2070 

"I0P6T  a 0.5*«LO»ER*UPPER) 

16641240 

CALL  00*0(IL,|6TV),lO*|R,M10P6T, 16, FIRST, 6TELL) 

1464)250 

1F(N(ELL.6».0)  60  10  )ISO 

1 664 1 2*0 

CALL  QUA0<!L,!6Tv),M|OP6T,UPPtR,t6,SiCOND,6TtLL> 

16641270 

IF (6TCLL.6C.0)  60  TO  )IS0 

16661200 

DO  2040  J a 1 , 6 1 6 T 

16661240 
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IF(RTELL,RE ,0)  GO  TU  3180 
00  3060  J x |,RlRT 
N x INTVJU) 

IF(K.EU.u)  GO  TO  3060 

If (AhS(lRl (» ) J.LI .0.01)  GU  TO  3030 

If (ABS( (FIRST (J)-$E(.ORP(J))/I RT(K)).LT,0. 1» ACC U»<3)) 

1 GO  TO  3040 

GO  TO  30S0 

3030  IF (ABS(F I»ST (J).SEC0H0(J)).GE.0.1*ACCUR(2))  GO  TO  SOSO 

3040  IRTvS(J)  x 0 

IRTTS  x IRTT3-1 
GO  TO  3060 

Soso  firstcjj  x secono(J) 

3060  cortirue 

IF(lRTTS.EU.O)  GO  TO  3000 
3070  C ON  f I Mot 

• »I Tfc (NOU T < 9020 ) 

»RI TE (ROUT, 9050)  ZERUS(IBESS) 

c---— ...... .............. ... ....... 

C ARRIVAL  HE Rt  HEARS  THAT  THE  OtSIRfO  ACCURACY  CARROT 

C HE  RET  b V HEARS  OF  THE  AVAILAULt  UAUSS-JALOBl 

C POL VROHIRALS, 

C ... ........................................ 


GO  TO  3 1 BO 

3000  00  3120  J x |,RIRT 

K » IRTV2IJ) 

If(K.EO.O)  GO  TO  312n 
I R T ( a ) x 1RT(k)*SEC0R0(J) 

IF ( ABS( JrT (* ) ) .LT.O.Ul  > GO  TO  3090 

IF(AHS(SECORO(J)/IRT(A)),LT.O.i*ACCUH(3)>  GO  TO  3110 
GO  TO  3100 

3090  If (ASS(SECORD(J)).LT.O.I*ACCUH(2))  GO  TO  3110 

3100  KMJ)  * 0 

GO  TO  3120 

3110  XMJ)  x * * ( J ) ♦ 1 

IF (kx(J).LT.2)  GO  TO  3120 
IRTV2IJ)  x 0 
I R T T2  X IRTT2-1 
3120  CORIIRUE 

IF(IRTT2.E0.0)  GO  TO  3140 
3130  CORTIRUE 

hRITE(rOuT,9030) 

»RITE (R0uT,90S0)  ZLROS(IFIR) 

C ........... 

C ARRIVAL  here  hears  That  all  ’available  BESSEL  ZEROS 

C have  BEER  EXHAUSTED  BECAUSE  UF  ILL  CORVERGERCE  Of 

C THE  IRTEGRALS. 

c............. ..................................... .................. 

GO  TO  3180 

3140  00  3170  J x |,RIRT 
X x IRTV(J) 

IF(R.EU.O)  GO  TO  3170 
IF(X.S)  31S0, 3130,3160 
31S0  1 R T ( * ) x IRT (X).LOAD 

GO  TO  3170 

3160  IRT(H)  « IRT (K ) ahOSTRS 
3170  CORTIRUE 
RETURH 

3100  hRITE(nOuT,9010)  (IRTv3(J).Jx|,RIRT) 

GO  TO  3140 

9010  FORhaTC  OURIRC  CALCULATIOR  OF  INTEGRALS", 1013) 


IrG«191« 
I RGR I 920 
IR&R1930 
I RGR 1 94  U 
1RGR19S0 
I RGR 1 960 
I RGR 1970 
I RGR 1980 
1SGR1990 
INGR2000 
IRGR2010 
I RGR2020 
IRGR2030 

1RGR2040 

1RGH20SO 

IRGR206V 
1RGR2070 
IRGR2080 
1 RGR  2 090 
IRGR2100 
INGR21 10 
1RGR212U 
1 RGR  2130 
1RGR214V 
IRGR21S0 
IRGR2160 
IRGH21 70 

IRCP2I80 

1RGR2190 
I RGR2200 
IRGR221G 
1RGR2220 
1RGR2230 
1RGR224U 
IRGR22SO 
1RGR2260 
IRGR2270 
IRGR2280 
1RGR2290 
IRGR230O 
1RUR23IU 
1RGR2320 
IRGR233U 
1RGR234W 
IRGH23SU 
IRGR236U 
IRGR237U 
1RGR2380 
IRGR2390 
IRGR240O 
1RGR24I0 
IRGR2420 
IRGR243V 
1 RGR2440 

IRGR24S0 

IRGR246V 
I RGR24  70 
IRGR2480 
J RGR2490 
1RCR250O 
IRGR2S10 
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F0RmAT(*  SuSPt  NO  PROGRAM  GAUSS  POLYS  EXHAUSTED")  1NCR2S20 

FORMA! (•  SUSPEND  PROGRAM  BESSEL  7t«OS  tXHAUSIED")  IN&R2SJV 

F ORMA  T ( • SUSPEND  PROGRAM  STEPSI2E  FIRST  INltPVAL  TOO  SHALL*)  INGR/SRU 

FORMAT  t*  A)  THE  VALUE  FUR  Ink  INTEGRATION  VARIABLE* ) INGH2SSU 

END  INGR/5b« 

SUBROUT l Nt  GOAD  ( 1 L , I NT V , ALU , UP . NGAUSS , F St , NTELL ) UUAD001U 

.....................................  ............  ...... —...... .OUAOOOZU 

THIS  SUBROUTINE  CALCULATkS  FOR  THt  SET  OUA0OOJW 

INTV  THE  INTEGRALS  OF  THt  COUPE SPONO 1 NG  UUAOOOUO 

FUNCTIONS  I GUANO  BEThEEn  Tht  LIMITS  ALO  OuADuOSV 
AND  UP  HV  USING  A GAUSS  OUAOUATUUk  OF  UUADOObU 

ORDtU  NGAUSS,  UUAD007U 

•F OH  NGAUSSBtb  A LEGE NOHt -GAUSS  OUAONATU-  UUAOOOBU 
RE  OF  OROEH  , QUAP009O 

•FOR  NGAUSS.LT. 16  A JACOBI-GAUSSOUAOHATU-  QUA0010* 
Ht.  OUADOIIU 

THt  ABSCISSAE  AND  HEIGHTS  OF  BOTH  ARC  QUAD012U 

STORED  AS  AGAUSS  AND  M&AuSS  IN  THE  BLOCK  QUAOOliV 
DATA.  UUAPOlbO 

The  SET  OF  INTEGRANDS  IS  COHPUTEO  DURING  OUADOISU 
SUBSEQUENT  CALLING  IN  OF*  OUAPOlbO 

SUBROUTINES  MATRIX  UUAD0170 

FPIGRA  GUA001BU 

AND  FUNCTION  IGRAND  QUAD019U 

The  set  OF  RESULTING  INTEGRALS  IS  QUA0020V 

OELIVEREO  IN  FSC  QUA002IU 

.................................................................. .QUA0022P 


INTEGER  INTV(tO) 

HEAL  I GUANO, F SC ( I 0 ) 

COMMON /GAUSS /AGAUSS ( lb, I b),HGAUSS( 1 6, lb) 

MINT  ■ 7 

IF ( IL.CQ.2)  NINT  s .10 
DO  10  J « I ,nInT 
x a INTV(J) 

IF(k.EQ.O)  GO  TO  10 
FSC(J)  a 0,0 
CONTINUE 
LABEL  > 0 

IF ( IL ,E  Q.2 ) GO  TO  20 

IFKINTvd  )*INTVI2)*INTV(J)).GT.0)  LABEL  « LABEL*! 
IF((InTv(9)*INTV(S3),GT,0)  label  a L ABtL  + 2 
IF((lNTv(b)*INTV(7)),CT.O)  LABEL  a LABEL** 

GO  TO  SO 

IF((INTV(I)*INTVC2)).GT.0)  LABEL  a L*BtL  *1 
IF((INTv(i)*INTV(a)»INTVt5)*lNTV(b)*INTv(T)).GT,0)  LABEL 
IF((INTv(S)*INTV(9)AlNTVU0)),GT,0)  LABEL  a LABEL** 

F|  a 0 , 5 * ( UP-ALO ) 

72  a O.S*(UP*ALO) 

IGAUSS  a NGAUSS 
IF (NGAUSS. CO. lb)  IGAuSSa* 

00  SO  1 a |,  IGAUSS 

X a F |*AGAUSS(I,NGAUSS)*F2 
CALL  MATRIX  (X, LABEL, NTELL) 

IF (NTELL.EU.I ) RETURN 
CALL  FPIGRA  ( I L , X ) 

00  *0  J a I.nInT 
« a I NT v ( J ) 

IF(f.EO.O)  go  TO  *0 

FSC(J)  a FSC(J)*hgauSS(I,N6AUSS)*IGRAN0(X,R) 
CONTINUE 
CONTINUE 


QUAD02EU 

QUA(502*U 

UUAP02S0 

QUAD02o0 

QUA002TU 
UUAD02B* 
QUAD029U 
UUAOOSOO 
QUADOilU 
0UA00J20 
OUADOJiV 
uuAOOla* 
QUAOOJS* 
QUAOOIbU 
OUAD057V 
UUAPO30U 
OUAPOlbO 
• LABEL *2QUAD0«0U 

guAooaiu 

WUAD0«2V 
UUADOb)* 
QUAPObOU 
QUADO«SV 
QUAOOob* 
UUA00O  70 
QUAUOABU 
UUAD0«90 
UUAOOSO* 
UUAOOSIV 
QUA00S2V 
OUADOSi* 
QUAO0S9V 
QUADOSSV 
QUAOOSbV 
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DO  tO  J i l.NINT 
K « INTV(J) 

IF(K.CQ.O)  GO  TO  60 
FSC(J)  ■ FSC(J)»Fl 

continue 

RE  TURN 

two 

subroutine  matrix  (x.labl.ntellj 


T«IS  SUBROUTINE  COHMUTtS  THt  ST T OF  CHA- 
RACTERISTIC-FUNCTIONS T 0 , VO  , SO  , UO  , T 1 , V I , 
SI.U1.TQ1  AND  SOI  inn  THE  VALUE  * OF  THE 
INTEGRA!  lUN-PARAMETt  R.  USE  IS  HbOE  OF 
CONSTANTS  CALCULATED  In  m aC On i and  MA2CON, 
TmEv  -E NT  STORED  In  COMMON/ InOAT A/ , 
CHARACTERISTIC-* ONI ! ION  VALOtS  AHE  OELIVE- 
RE  U IN  LUHH0N/I6RAN/, 

LAHL  DETERMINES  »HlCH  CHARACTERISTIC- 
FUNCUONS  ARE  NEEDED* 

-LABLal*T0,v0,S0,U0 
•LABL*2*U,VI,SI,U1 
-LABH3“TO,vO,SO,UO,n,Vl,Sl,Ul 
-L*HL»«*T0I , Sbl 
• LABL <S* TO. VO, SO, 00, TO  I, SO  I 
-LABLab'Tl ,VI ,51 ,01, T01 , SOI 
-LAbL»T*TC,VO,SO,00,T|,V|,SI,01 ,TQ1,S0I 
SUBROUTINE  IS  INTERRUPTED  AND  RETURNED 
»ITR  NTTLL«1  "MEN  SOLUTION  BECOMES  TOO 
INACCURATE  BECAUSE  OF  ILL  M A TR I X-CCNO I - 
ON  DURING  INVERSION. 


OUAOOSTV 
OUADOSBO 
OUADOS40 
UUAOObOW 
bUAOObl V 
uUAD0b2U 
bUAOUbSVi 
MATROOIQ 

.MATR002U 
MATROOJO 
MATROORV 
MATROOSO 
MA  TROOfrO 

.MATH007V 

MATROOBV 

.mathooro 
MATR0100 
M A T W 0 1 10 
MATR012O 
MATR0I5V 
MATRU  Wib 
MATR01SO 
MATROlbO 
MA  T RO l TO 
MATRU1B0 
MATR01RO 
HA  1 R020U 
MATR02I0 
MATR022U 
MA  TR02  SO 


REAL  LOAD, NU, «(«,«, R) ,P(«, 2) 
IACCUR(S1,nP(2,10),nJ2(R),pJ( 
COMMON/ ASOl /la  TEr.nl  ATS. M.R , 
t,KS(10),E(!0),AL(R), THICK (R) 
COMMON/ 1 NDA TA/AMAX , A 1 ( R ) , h 
1II(R),*1 (R),K2(R),Kb(10),BE( 
2J2(9) . Jl ,T2( 10 ) ,SS(2, 10) ,GOI 
3M012(R)»M022(R),M|22fR)»DOI2 
*F012(R),F112(R),F022(R),CC (R 
SHh(2,2, 10) ,HR(«,2, 10) ,002 (R) 
6mh2( 10  1,001  I (R) ,Ql 1 1 (R) ,0012 
TOFO(R).OF| (R), 201 |, 21 11. 221 l 
82122, Z222.KA 

COMMON /I GRAN/ TO, VO, SO, UO.Tl  , 
CORMON/TAPE/NOUT 

LABEL  • L *BL 

IF  (LABEL. LT.«)  GO  TO  1000 
IF  (X.LT.XMAX ) GO  TO  100 


,RP(?,2),ki,k2,k5,ks,ii,nj 

2 ) ,NP2 ( 1 0 ) , KR ( 1 0 ) 

Z, NU(10),ACLOR, LOAD, HOST RS 
.RAOIuS(lO) 

1 (R)  .Cl (R).O(R)  ,EE(R),F (R) 
R),hU(R) ,BUUCR)  ,BMU(R),H2U 
2(R),G021 (R),G022(R),G122( 
(R),D022(R),C0I1(R),C012(R 
i,2,R),DD(2,2.R),FF (2.2.R). 
,G20(R),G21 (R),M20(R),M02I 
(R),0112(R).0212(R),U022(R 
, 20 12. 2 l 12, 2212, 2312, Z021, 


(2,2,R),kkn 

i,NZEROS,H(R 

,G(R),H1 (9) 
l C R 7 ,B2UU(R) 
R). 

) , E 0 1 2 ( R ) , 
GG(2,2, 10), 
( R ) , GG2 (101 
),0122(R), 
2121.Z022, 


Vl,Sl,Ul,TUl,SQl,FPI6K,tXl,EX2 


ASYMPTOTIC  EVALUATION  OF  TGI  ANO  SOI 
FOR  X.GE.XMAX, 


TO)  a 1.0 

IF (LAVER, EG. I ) GO  TO  30 
J a LAVER-1 
00  20  k a |,J 

TOIaTtflA2.0A{1.0-ALCK))/((1.0-AL(K))A(1.0*Kl(K))»0.S*ALCK)**) 

1 CONTINUE 

I SQ|aTQ|A(0,S*AL(LAVER)*l-(I.O-AL(LAV£R) )ak2(LAHR))/((1.0-AL(LAVC 
I ))  •(1.0akKLAVER))*0,S»AL(LAVER)ax) 


, ma  TR02SV 
MATR0260 
)MATR0270 
MA (R0280 
.MATR02RW 
.MATR030W 
MATR03IV 
MATR032V 
MATR033U 
. MA  TR03R0 
MATR03SU 
MAT  R03bO 
MATHOSTV 
MATRQ3BU 
MATR03RO 
matroaoo 

MATR0R1 V 
MATR0R2U 
• MATROX  3V 
haTROxxu 
MATROuSO 
•MAfROXbO 
MATN0A7O 
matrorbo 

MATROxRO 
MATROSOV 
MATR0S1O 
MAT  R0S2 V 
RMATR0530 
MATROSav 
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c 

c 

c 


c 

c 

c 


LA8EL  • L*HtL-* 

NATMOSSO 

60  TO  1000 

HAfkOS*V 

CALCULATION  of  TUI  AND 

SOI  FON  X.LT.XNAX 

HA IK056U 

100 

1FU1.EU.01  60  TO  120 

MATHObOO 

00  110  J s t,JI 

MA  TOO* 1 0 

662  ( J ♦ 1 ) * 620  (J  ) «*G2 1 ( J ) *X 

MATRObJO 

mm2 ( J*  1 ) * M20(J)«621 (J)»* 

MATNOblb 

tto 

CONTINUE 

MATRObAO 

120 

00  ISO  M a l,H 

MATNObSO 

IMJUO.O)  CO  TO  1«0' 

MATRObbO 

do  no  i * i,ji 

MATRObTO 

IF(J2(I).tQ.ft>  60  TO  ISO 

MATNObSO 

no 

CONTINUE 

MATNObbO 

no 

Ml  a 0.SM1 ,0**1  (A)  > 

NATR0700 

m2  a.0,S*"2(K) 

HATN07IO 

Ml  a B£(K)»0.25oK 

MA  T NO  720 

NJd.l.M  a m|«m1 

MATR0710 

NJ(1,2,K)  ■ m2-m! 

MATR0740 

NJt2,l,*>  a m2*»1 

MATNOTSO 

nJ(2.2,K)  ■ «!•*! 

mainOToO 

iso 

CONTINUE 

HATHOTTO 

JS  a JIM 

MATN0700 

00  100  mm  a t i JS 

MA I HO  790 

N a j*»i.mm 

MATHOBOO 

IF(N-l)  1*0,1*0,170 

MATR0S1U 

no 

JS  ■ 1 

MATR0S20 

60  TO  ISO 

MATNOSIU 

no 

JS  a J2(N«1 )♦! 

MATN0S40 

no 

ifus»n)  no, no, 200 

MATNOBSO 

no 

J*  a M 

M A TNOSbO 

60  TO  210 

MAT  NOB  70 

200 

J*  a J2(N)-| 

MATROSBO 

210 

IF ( J1,6T, J«)  60  TO  2*0 

MATR0B9O 

DO  210  IJ  a J»,J* 

MATNObOO 

IK  a J«»JI-IJ 

MATHObl 0 

1L  a l*»l 

MATN092O 

E*F0*-*aT2(IL) 

MATNOblO 

IF(t»FO,LT, -70.0)60  TO  212 

MATRObil 

EXPta£xt>(E«PO)»SS(t,lL) 

MATN0912 

60  TO  21« 

MATHObll 

212 

EiH|a*,0 

MATHObl* 

2n 

00  220  lal,2 

MATNObaO 

220 

SSCI.IK)  a NJ(I,|,IK)*EXH|«NJ(I,2,IK)*SS(2,IL) 

MATNObSO 

210 

continue 

MATNObaO 

2*0 

NN  a N • 1 

MATRObTO 

EXM0*-**T2(J1J 

MA  T NO V 7 l 

IF(t*F0.LT,-T0.0)60  TO  2*2 

MA  TN0972 

(■F2aEIF((iF0) 

MA  TR0971 

60  TO  2*« 

MATNObT* 

2*2 

E*F2aO.O 

MATNObTS 

2** 

F*0UaC62(N)aSS(|,Jl)«EXP2 

MATNObSO 

M2  a MRODahh? (N ) *$S (2, Jl) 

TEST  hatnix-COnOU ION  bEF ONE  INTENSION. 

MA  TH 1 0 1 0 

IF(ASS<H2).LT,|,OE*7*ANS(HROO)/ACCUM(1))  60 

TO  2000 

MATN1010 

M*2  a 1 , 0/M2 

MA  TNI  0*0 

IF (N. to. 11  60  TO  110 

MATNIOSO 

NJ2INN)  a MM2*0D2(nn) 

MATRlObO 

00  270  I a |,2 

PJ(1>  a SS ( I , J J ) an J2 (NN ) 
PP2aPlmAE*P2-Pl(2) 

SS(I.Ji-l)  a PP2»1 ,0 
SS(2,J1>I)  a |,0 
CONTINUE 

IF (NTELL.E8.2)  HCTURN 
NP2(1>  a -PP2 
IF (J1.EU.0)  GU  TO  190 
00  ISO  I a |,J| 

J * J1M-I 

IF (LATER, GT.J2TJ) ) GO  TO  360 
CONTINUE 
JS  a 1 
GO  TO  190 
DO  ISO  I a 1 , J 

NP2UM)  a NJ*(I)*NP2(1) 
CONTINUE 
JS  a J*l 
J a LATER 

SOI  a SS(i,J)«NP?(jS) 

TUI  a SS (2, J ) *NPJ ( JS ) 

LABEL  a LABEL-9 


ASTNPTUTIC  EVALUATION  OF  T0,V0,S0,u0,TI , 
VI, SI  ANO  U1  FOW  X.GE.XHAX, 


IF (LABEL. EO.O)  Mt  TURN 
IF(».l!  ,XN»x)  GO  TO  1100 
L > LATER 
12  a lax 
ll  a 1 2 a l 

IF (L.tU.NLATSI  GO  TO  1010 
Ztl  « ZOllaxaZI 1 1 ax2aZ2l I 
212  * ZOI2*xa/| |?ax2*Z2l2*Xl*/112 

221  a Z021ax*ZI2I 

222  a Z022axaZ122ax2aZ222 
IF (LABEL, GT.IJ  GO  TO  1010 
IF (LABEL. EO.O)  RETUKN 
NP(l,|)  a 2,0 *NU ( I ) 

NP(2.I)  a |.0 

GO  TO  10U0 

NP (1*1)  a | ,0-2 , 0 *No ( I ) 

NP(2,I)  > -1.0 

PUF  a 1,0 

IF(L.EO.I)  GO  TO  1060 
00  I0S0  * a 2,L 
J a K-| 

PUF  a PUFaR6(J)/(OFO(J)aOFI(J)aX) 
a|  ■ -AL ( J 1 »X 
■9  a H ( J ) ax 

NP ( ) , K ) a NP(|,J)a(001l(J)aUl|l(J)axaNlaa9)aNP(2,J)a(OOI2(JI 

I ♦0lI2(J)*laQ2l2(J)*l2a"l*"9aa9) 

np ( 2 . K)  a -a|aNP(l,J)*NP(2,J)a(0022(J)aUI22(J)ax>HlaN9) 

IF (L.Nt .NLATS)  GO  TO  1060 
S a 0,0 
U a 0,0 
GO  TO  1070 

5 a (NP(|,L)aZH*NP(2.LWI2)aPUF/(OFO(L>»UFl(l)aX) 

U » (NP(|,L)aZ21»NP(2,L)a222)aPOF/(UFO(L)FUFUL)aX) 

» « NP( | ,L ) *PUF 


HATR1 070 
HAIWIOMU 
HATHJ  090 
PATH1IOU 
HA  TR1 | | V 
HATHI 12V 
HA  THtl IV 
HATH]  HI 
HATHI 19V 
HATHI 1SV 
HATHI 16V 
HATR1 170 
HA  TH1 10V 
HATHI 19V 
HATH120V 
HATH121 V 
HATH122V 
HATRI23V 
HATHI 29V 
HATP125V 
HATHI 26V 

HATH127V 
HA  TR 1 20 V 
•HA TH 1 29v 
HATH l 10V 
HATHI11U 
• HA  TH 1 12V 
HATHU1V 
HATHI  1«V 
HATHI 15V 
HATH} 16V 
HATHI 170 
HATHI 100 
HATHI 190 
MATH190U 
HATMIU1 V 
HATR1920 
HA  T H 1 9 IV 

hathiouO 

HATHI us v 
HA  TR 1 960 
HATH107V 
HATR190V 
H A TR 1 990 
HATHtSOV 
maTHISI 0 
HATRIS2V 
HA  TR 1 510 
HATH1S90 
HATHI 550 
HATHI 560 
HA  T H 1 57  V 
HATRI5H0 
HATH1S9V 
HAT  H 1 600 
HA  TR | 6 1 0 
HATHI 620 
HA  TR 1610 
HATHI690 
HA  TH 1 65  V 
HATHI 660 
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1060 

V * NR(2,L)*PUF 

IML*9tL.6T.l  > r.O  TO  1080 

50  » s 

UO  » 0 

TO  ■ T 

VO  a V 

RETURN 

51  a S 

01  a U 

T 1 a T 

VI  a V 

LABEL  a LABEL-2 

CO  TO  1020 

MATWjaTu 
HAT  R 1680 
HA  TO  1 690 
HA  TNI  706 
HATH1710 
HATH  I T20 
HATH1T10 

HATR1740 

hathi 730 
HAtH|7av 
HATH1 770 
HA  TR  1 740 
HATHI790 

CALCULATION  OF  TO,VO,SO,U0,Tl,VI,3l  AND 

HATHI8I0 

Ut  F OH  X.LT.XHAX, 

HATH1B20 

1100 

IMJI.EU.O)  60  TO  1120 

HATU10OO 

DO 

1110  J a 1,J1 

HATR16S0 

a a J2(J) 

HATHlOaO 

al  a.AL(R)*X 

HA  TH 1 0 70 

MO  a H(R)*X 

HATH1080 

CC(I,1,J>  a COH  (J)«2,0*a0 

HA  TR 1 690 

CC(1,2,J>  > C012(J)a2,0*m9«h9 

HA  T N 1 900 

CC (2,2, J)  a coil (J)*2,0*a9 

H(iTH  1 91 0 

00(1,2. J)  a DO  1 2 ( J ) *00 ( 1 , 1 , J ) *»9 

H1TR1920 

00(2.2, J)  a 0022 (J > ♦00(2, 1 , J ) *aO 

HATH1910 

FF(l.l.J)  a -COtl (J)-2.0*MO 

MATR1940 

FF(|,2,J)  a F0I2(J)»F|I2(J)*NO.2.0*M9*n9 

HA  TH 1 950 

FF (2,2, J)  a F 022 ( J ) ♦2,0*m9 

HATH199U 

66(1, 2, J,l)  a 6012 (J ) ♦66(1 , 1 , JH ) *M9 

HATM1970 

66(2,1,J*I>  a 602I(J)«M| 

HA  TR 1 960 

66(2, 2, J»l)  a 6022(J)«(b021(J)*H(A),6122(J))*XvMl*M9 

HATR1990 

NN(I,2-.Jv|>  a hOI2(J).hh(1,1,J.1),h9 

HATR2000 

HH(2,l,Jt|)  a h02 1 (J)«MI 

HATR2010 

NH(2,2,J«l)  a M022(J)«H02l(J)*M9«Hi22(j)*xtHl*M9 

MATH2020 

1110 

CONTINUE 

HATH2010 

1120 

00 

1150  RBl.M 

HATR2040 

IF(Jl.fcO.O)  60  TO  1190 

HATR2050 

00  1110  I a |,J| 

HATH2060 

IF(J2(I),tO,K)  60  TO  1150 

MATH207U 

1110 

CONTINUE 

HATH2060 

1140 

Ml  a «HU(R)*X 

HATM2090 

mO  a H(R)»X 

HATR2I 00 

M|0  a m9«x 

HATR21 1 0 

m2  a a|0*6f (R) 

HATH2120 

all  a m2*m9 

HATR2110 

•1  a h9*C l (R ) 

HAT  R2 140 

>•  a HE  (R ) *x 

HATH2I50 

■5  a »u(R)*X 

HATR2I90 

at  a MUU(RI*X 

HATR21T0 

ml  a CI(R)*m9*h9 

HATR2160 

m(1,|,r)  a A|(R)val»a2 

HA  TR2 1 90 

a(l,2.R)  ■ -EE(R )♦» (* 1 •«9*aB*B2U(* )*«10-«U 

HATH220O 

a(l,l,R)  a D (R )•»!♦• 1 ««2 

HATR2210 

a(|,a,R)  a -6(*)*H1 (X)«a9>HUU(R)*XaH7«S2UU(N)*N|0»al 1 

HATR2220 

a(2, 1,R)  a a« 

HATR2210 

a(2,2.R  > ■ BI(R)Am5vm2 

HATR2240 

m(2,),R)  a Ct(R)«aa 

HATH2250 

M(2,a,R)  a II (R)am1-m5vb2 

HATR22M0 

m(1,I,R)  a 0(R ) **l-a| -m2 

HATR2270 

( 


"(3.2.9)  a G(»  ) ♦ m 1 (9  i *"9-»BX"/-b2UU(9  ) *"I0-»|  i 

MXT"2280 

9(3. 3. 9)  « *1(9  >-»l-"2 

hx 1 "2290 

"(3,9,9)  z Et  (9  ) *E  (R  ) *«9*.>b.b2U(9  ) X"10-"l  1 

HA  \*2 SOU 

"(9,1,9)  a -Cl  (9)0.11 

MX1N2310 

"(9,2, 9)  a 11(9  )-"3*»b»"2 

HXTH2320 

"(9, 4,9)  X "9 

MXT"2SS0 

"(9,9,9)  X 81(9) *»S,"2 

MXTM2390 

1 ISO 

continue 

MXTR23S0 

JS 

* JHI 

"XT  9 2 360 

P99fc  « 1,0 

MXTR237U 

00 

1300  99  X 1 , JS 

HXTH2300 

996  X l.o 

HXTK2390 

* a J5M-MM 

MATR2900 

IF(N-l)  1 160,1160,1  170 

HX  T "29 1 0 

1160 

J 3 a 1 

MX  TH2920 

GO  TO  1180 

MX  1 "2930 

1170 

J3  a J2 ( N- 1 )♦! 

MX  T "2990 

1180 

IF(JS-N)  1190.1100,1200 

MXTK29SU 

1190 

J9  a m 

MXTH2960 

GO  TO  1210 

MX  T"2U70 

1200 

J9  x J2(N)-1 

MXTR29H0 

1210 

1 f (J3.GT.J9)  GO  U’  1290 

MX  T "2990 

00  1230  1J  a J3.J9 

MXTM2500 

19  a J9.J3-IJ 

mx  T "2S 1 0 

ll  » I«*l 

MXTW2S20 

ft*6  * KKb*«#([K) 

MXTM2S30 

IF  ( l«.t'J.L»TEM)  P996  a 996 

MXT"2S"0 

E XPOx-x • T2 ( It ) 

MXTK2S91 

IF  (txPO.LT.- 70.0)60  TO  1212 

MXTR2S92 

EXPlxExP(EXPO) 

MXTH2S93 

GO  TO  1219 

MX  TM2S99 

1212 

CXPlxO.O 

MXTM2S9S 

121« 

DO  1220  I a | , 9 

MX  TW2SS0 

00  1220  9 a 1,2 

MX  TH2S60 

1220 

OH  (1,8, 19  >z  ("(  I , 1 , 19  )»«R(1 ,8,1D  + "(I,2, I9)x"R(2,9, 

1L))MXTM2S70 

1 

•tXPl*«(I,3.I9).HW(3,9,IL)»"(l,9,I9).RH(U,9,lL) 

MXTH2S80 

1230 

CONTINUE 

MX  T "2600 

1290 

NN  9 N*| 

MXTP261 0 

txP0a-x*T2(J3) 

MXTH26I  1 

IP (EXPO. 11.-70, 0)G0  TO  1292 

MX  T "26 1 2 

tx"2*t xP(ExPU) 

MX  T "26 1 3 

GO 

TO  1299 

MX  T "26 1 9 

1292 

EXP290.0 

MXTH261S 

1299 

00 

1 2S0  la! ,2 

MXTH2620 

00  1 2S0  9 a 1,2 

MXTH2630 

1 2S0 

P ( I , 9 ) a (GG( I , 1 ,N).B" ( 1 ,9 , J1),GG(I ,2,N)*HR(2,K,J3) ) 

MAT "2690 

1 

*kXP2*MM( 1 ,1 ,N)*«R(3»9, J3)*MH(1,2,N)»««(9,9,J3) 

MXTM26S0 

PPOO  a P(l  , 1 )*P(2, 21 

MX  T "2660 

DtT  a PHOO-P(l,2)*P(2,l) 

MATM2670 

c 

TEST  “XTR1X. CONDITION  bEFO"t  INVERSION 

# HATN?690 

IF (XhS (Ot T ) ,L T . 1 .OE-ToABS ( PROD ) /*CCU" ( 3 ))  GO  TO  2000 

MXTW27IO 

0996  a 996/OET 

MXTR2720 

PP(l.l)  a P(2,2)*Q996 

MXTR2730 

PP ( 1 . 2 ) a -P ( 1 , 2 ) • 09  9 6 

MX ("2790 

PP ( 2 , 1 ) a -P ( 2 , 1 1 «0996 

MXTH27SO 

PPC2.2  ) a P( 1 , l ) *0996 

MXTR2T60 

IF (N.EO.l ) GO  TO  1310 

MX  T"2  7 70 

00  1260  1 a 1,2 

MXTR278U 

00  1260  9 a 1,2 

MXTH2790 

F-32 


1 


1260 

1270 

1200 

1260 

1 100 
1110 

1120 

1110 
1 100 

1150 

1160 


1170 

11*0 

1160 


1600 


6 J (I  , 6 , 66  J «PP  ( I , l J .00  ( 1 . A , 66  J *PP  ( J , i ) *00  ( 2 , K , NN  ) 

00  1270  1 a |.« 

00  1270  ft  « 1,2 

**  C 1 , ft  ) *(RR(I,  I, J1)*NJ<1  , K, NN )♦««(!, 2,JJ)»NJ(,*. ft.NN)  )/KK 
00  1200  1 ■ 1.2 

PP(l.t)a(P(S,|)«t012(NN)»P(2,l))*t«P2.FE<|,|,fcN) 

• P ( 1, I ) *T Ft  I, 2, NN).Pt«, I) 

PP(2,I  >aP(2,I|*EIP2*FF  (2,I,NN).P(1,J)*FT  <2,2,NN).PC6,1) 

00  1260  1 a 1,2 
00  1260  ft  * 1,2 

RR(1.K,J3-I)  s CCCI,A,NN)*PP<J,ft) 

RR(l.l.Jl-l)  » 1,0 
RR(1.2.J1-I)  a 0.0 
RR(«,I,J1-1)  a 0.0 
RR««.2.J1-I)  a 1.0 
CONTINUt 

IT(n1ELL,EQ.2)  60  TO  100 
IT (LABEL, GT , 1 ) CO  10  1110 
IF(LftHeL.tQ.O)  RETURN 
NP (1.1)  a PP(1,11 
NP(2,1)  a PP(2, 1 1 
CO  TO  ll«0 
NP(l.l)  a PP{ | ,2) 

NPt2,l)  a PP (2,2) 

IT  ( J 1 .£0,0  ) GO  10  1160 
00  1150  t a l, J1 
J a JIM-1 

IT(L*7CR.CT.J2(J))  60  TO  1160 
CONTINUE 
J5  s 1 
GO  TO  1160 
00  1100  I a l,J 
IN  a I ♦! 

00  1170  ft  a 1,2 

NP(«,IM)  a NJ(K,|,n*NP(l,I)«NJ(K,2,l)ftNP(2,I)  . 

CONTINUE 
J5  a J»l 
J a LATER 

S a(RH(l,l,J)**P(l,J<>)«MR(t ,2»J)»NP(2,J5))/Pft«6 
U a(RH(2, 1 ,J)*NP(| , J5)*HR(2,2, J ) *NP (2 , J5 ) 1 /Pftft6 
7 8(R6(S,|,J).NP(| ,JS)*MR(1,2.J)*nP(2,JS))SPKK6 
V a(HR(«, | ,J).NP(i , JS)*RR(«,2, J)*NP(2,J5)  l/Pftfta 
IMLAOEL.Gt.l)  GU  TO  1600 
TO  a T 
$0  a S 
UO  a U 
VO  a v 
RETURN 

SI  a 9 

T1  a T 
111  a u 
v|  a v 

LABEL  • LASEL-2 
60  TO  1120 


ARRIVAL  HERE  MEANS  That  SOLUTION  OT  The 
ChAHACTERISTIC  TUNLT10NS  HAS  been  STOPPED 
PRENATUHtLV  BECAUSE  OT  ILL  HATRl*  CONDI- 
TION MET  DURING  SOLUTION  PROCESS. 


HATR2900 

HATRJB10 

HATR2620 

6PATR201V 

HATR2B60 

RATR2050 

NATR2060 
MAFH2870 
HA1RJ06U 
HATR260U 
NA  T R26 1 V 
MAFR2920 
HATR261U 
NATR29AV 
HATR26SU 
HATR26»0 
HATH2670 
MATR2671 
MATR266U 
HAT  R269U 
HATR1000 
HATR1010 
HATR102U 
HA  FR3010 
HATRJORU 
MAFH10SO 
MATR106V 
MATR1070 
MATR100V 
HAT. JO  0 
HATNUOV 
HATR3I 10 
HATRJ120 
HA7RJ1 JU 
HATR11U0 
HATK1150 
HATR1I6U 
HATR1I70 
HA  TR J 1 OP 
HA  T R J1 60 
HATR1209 
HATN121U 
NATR1220 
HA  T R 12  iU 
HATR12R0 
HAIR125U 
HAIR  1260 
HA  t R 12  70 
HATR120U 
H A T R 1260 
HATR110U 
HATRUIO 
HA  T R J J20 
HATH JiJO 
HATRllftW 
HATR1150 
HATR1160 
HA  TR J 170 
HATRJ190 
HATR1360 


2000  "RITE (NOUl, 6000)4 


NTELL  ■ 1 
RETURN 

F OHma T ( • ILL-CWOITIONEO  DETERMINANT  FOR  X«*,E15.7) 

end 

SUBROUTINE  FPIGRA  (IL,X) 

THIS  SUBROUTINE  COMPUTES  THE  BESSELFUNCa 
TIONaPART  OF  THE  INTEGRANDS  FOR  THE 
INTEGRALS  COMPUTED  IN  INGRAL, 

FOR  IL*1  THIS  PART  IS*  JO(XR)*Jl(X) 

FOR  IL«2  THIS  PART  IS*  J1(XR)*J1(X) 
COMPUTED  RESULTS  ARE  DELIVERED  AS  FPIGR, 
EXP1  AND  EXP2  IN  COMHON/IGRAN/ 

THE  SUBROUTINE  CALLS  IN  FUNCTION  BESS, 


REAL  L0AD,NU.ACCUR(J),K5 

COMMON/ aSD T /L AYER. Nl A YS,M,R,Z,NU( 10), ACCUR, LOAD, H0STR8,NZER0S, 
I.K5 ( 1 0), E ( 10), AL(9>, THICK (9), RADIUS (10) 

COMMON/ IGR AN/TO, VO, SO, U0,T1, VI , SI ,U1 ,T01, SOI, FPIGR, CXP1,EXP2 
IFCLAYER.NE.t)  60  TO  20 
TO  a T0«2.0*NUU) 

VO  a V0-1.0 

Tt  a Tl*t ,Oy2,0»NU(1 ) 

VI  a vi»I.O 

TOt  a T0I»1 ,0 

IF  (R.LT.ACCUR(t))  GO  TO  «0 

IF(IL.E0,2)  GO  TO  JO 

FPIGR  a BESS(0,X*R)*8ESS(1,X)/X 

GO  TO  kO 

FPIGR  a BESS(l,X*R)*BESS(l,X)/(X*R) 

GO  TO  60 

IF  (1L,EQ,2)  GO  TO  50 
FPIGR  a BESS ( 1 , X )/X 
GO  TO  kO 

FPIGR  a 0,5*B£SS(1 ,X) 

IF (NLATS, EQ. LAYER)  GO  TO  TO 
1F(ABS(X*(2.0aH(LAYER)-Z)).CT,70,0)GO  TO  70 
EXPl  a ExP(-X«(Z,OaH(LAYER)-Z)) 

IF(  (X«Z),GT. 70.0)60  TO  90 
EXP2  a EXP(aX*Z) 

GO  TO  100 

IF((X*2),CT,70.0)CO  TO  60 

EXP)  a 0,0 

EXP 2 a EXP(aX*Z) 

GO  TO  100 
EXPl  a 0,0 
EXP2  a 0.0 
RETURN 
END 

FUNCTION  BESS(N,X) 


MA  TR JR  1 0 
MATR3R2V 
MATR3« JO 

matrj««o 
FPIG0010 
— a.FPJGOOZO 
C-  FP I GOO  JO 
FPIGOOkO 
FPIG0050 
FPIGOOkO 
FPIG0070 
R,  FPIGOOBO 
FPIG0090 
FPIGOIOO 
— —FPIG0110 
FP1G0120 
H(9)FPIG01 JO 
FPIGOIOO 
FPIG01S0 
F P I GO  1 60 
FPIG0170 
FPIGOIOO 
FP IGO 1 90 
FPI60200 
FPIC021 0 
FPIG0220- 
FP1G02J0 
FPIG0240 
FPIG0250 
FP IG0260 
FPIG0270 
FPIG02S0 
FPIG0290 
FPIGOJOO 
FPIG0J10 
FPIG0J20 
FPIGOJJO 
FPIGOJOO 
FPIGOJSO 
FPIGOJkO 
FPIG0J70 
FPIGOJSO 
FPIGOJ90 
FPIG0O00 
F PI  GOO  I 0 
FPIG0020 
FPIGOOJO 
FPIGOOkO 
FPIG0O50 
BESS0010 
•aaaSESS0020 


the  BESSEL  FUNCTIONS  JO(X)  AND  J1(X)  ARE  BESSOOJO 
EVALUATED  FROM  THEIR  CHEBYShEV  SERIES,  BESSOOOO 
(SEE  CLENSHAM,maTH,  T ABl t S • VOL , 5 , BCSS0050 
CHEBYSHEV  SERIES  FOR  MATH,  FUNCTIONS  BESSOOkO 
NPl-DSIR),  BESS0070 
THIS  PROGRAM  SELECTS  THE  APPROPRIATE  BESSOOSO 
CHEBYSHEV  CONSTANTS  ACCORDING  TO  MHETHER  BESSOOOO 
NaO  OR  Na|  AND  MHETHER  X IS  GREATER  OR  BESS0100 
LESS  THAN  6,0  AND  CALLS  IN  FUNCTION  CHEB  BESS0I10 
TO  SUM  THE  SCRIES,  BESS0120 


c— — ...................... ..BE 5 SO 1JC 

DOUBLE  PRECISION  B{12,2),BP(5,2>.BQ(5,2),Z  BESS0140 

OAT*  B /.,30-8, .760-7,-, 1 7620-5 , , 524&00-4 ,• ,4606260-5 , . 48 i 9 J 800-2 , BE SSO 150 

1 - , 548937690-1 , . 158067 l 020*0,-, 37 00949940*0, .2651786130*0,  BE SSO 160 

2- . B725442D-2, ,5154559430*0,-, 1D-B, ,29D-7,-, 7620-6, ,158870-9,  BE SSO 170 

J-, 2604990-5,, J29027 00-2, -.291 755250-1 , . 1 77709 1 l 70*0 , - .66 1 94 59 540*OBE SSO 1 80 
4,1 ,287994 100 *0,-1 .191801 1 60 *0 , 1 . 2967 1 7540*0/  BE SSO 190 

OAT*  BP/, 20-8, -.520-7, ,50750-5 ,-.5565220-5, 1 ,998920700*0,  BESS0200 

1-, 20-8, ,620-7,-, 59870-5, , 8989900- 5 , 2. 00 1 806080*0/  8ESS021Q 

DAT*  BO/-, 10-8, , 18D-7,-, 7410-6, ,68 5850-4,-, 511 1 17090-1 , BESS0220 

1 .10-8, -.21 0-7, ,9 140-6. -.9627 70-4,,955555740-l/  BESS0250 

M ■ N*l  BE SS0240 

If (x-8,0)  1,1,2  BE330250 

1 Z a X«X*0, 0625-2,0  8ESS0260 

BESS  a CHEB(B(1,m),|2,Z)  BESS0270 

IF(n,EQ,11  BESS  * 0 , 1 2S*X  *BES3  BESS0260 

RETURN  BESS0290 

2 Z » 256. 0/ (X*X ) -2,0  BESS0500 

XI  a X-0 ,78559816  BESS0510 

If(N.EQ.l)  XI  a XI-1, 5707963  BESS0320 

BESS  a (0.79788456/SQRT(X))*(CHEB'BP(1,M),S,Z)*COS(XI)-8,0*  BESS0330 

1 CHEB(BQ(l,H),S,Z)*SIN(Xn/X)  BE  SSO  540 

RETURN  BESS0350 

END  BESS0360 

FUNCTION  CHEB(A,N,Z1  , . CNEB0010 

C— — ————  — — ———  —————————  — .......  CHEB0020 

C THIS  SUBPROGRAM  EVALUATES  THE  CHEBYSHEV  ChEBOOSO' 

C SERIES  USING  THE  RECURRENCE  RELATION  CHEB0040 

C TECHNIQUE  (SEE  CLENSHAN  NPL  MATH,  TABLES  CHEB005U 

C VOLUME  5 PAGE  9),  CHEB0060 

C— — — —————— —————— —————— ————————  CHEB0079 

OOUBLE  PRECISION  *(11,8(14), 2 CHEB008U 

8(11*0,00*0  CHEB009Q 

6(21*0,00*0  CHEB0100 

00  1 1*1, N CHEB011U 

B(t*2)aZ*B(I«ll-B(I}*A(Il  CHE  BO  120 

1 CONTINUE  CHEB0130 

ChEB  a 0,500*(B(N*21«B(N)1  CHEB0140 

RETURN  CHE801S0 

END  CHEB016U 

REAL  FUNCTION  IGRANO  (X, LABEL}  IGHA0010 

C— — —————— ————————— —————— — IGRA0020 

C THIS  SUBROUTINE  COMPUTES  THE  INTEGRANDS  IGRA0050 

C FOR  THE  INTEGRALS  COMPUTED  IN  INGRAL.  IGRA0040 

C USE  IS  HADE  OF  THE  RESULTS  OF  FPIGRA  AND  1GRA0050 

C MATRIX  STORED  IN  COMMON/ IGRAN/ , 1GRA0060 

c— — — — — — — ——.——  — ......... I GRA0070 

REAL  L0AD,NU,ACCUR(51,k5  IGRA008U 

COMM0N/AS0T/L*YER,NLAYS,M,R,Z,nu(10) ,ACCUR,LOAO,HOSTRS.NZEROS,H(9)IGRA0090 
1,x5(10],E(10],AL(9},THICK(9),RA0IUS(10)  IGRA0100 

COMMON/ IGRAN/ TO, VO, SO, UO , T 1 , V 1 , S 1 , U1 , TQl , SQ1 ,FPI GR , E XP 1 , EXP2  IGRA0114 

GO  TO  (10,20,50,40,50,60,70,80,90,100.110,120. 130, 140, 150, 160, 170} IGRAO 120 

1, LABEL  IGRAO 1 30 

10  IGRANO  *FPIGR*X*((U0»(K5CLAYER}-X*Z}-S0}»EXP1*(T0*V0*(X5(LAYER}*X*IGR40140 
i 2 ) } *E  XP2 1 IGRA0150 

RETURN  IGRAO 1 60 

it  IGRANO  aFPIGR*X*(U0*EXPl*V0*EXP21  ICRA0170 

RETURN  I GRAO 1 80 

>0  IGRANO  »FPIGR«( (UO«(2.0*K5(LAYER)-X*Z)-S0)aEXP1-(T0*V0*(2.O*X5(LAV1GRA019O 
|ER)*x*Z))*ExP2)  1GRA020O 

RETURN  IGRA021 0 


F-35 


40  I GRAND  sFPIGft*((SO*uO*(laO»X*Z))*EXPI»(VO*(l,0>X»Z)«TO)*EXP2)  IGRA0220 
RETURN  IGRA0230 

SO  IGRANO  »FPIGR«X«R»( ( SOYUO » (2, »NU (L A VER ) AX »Z ) ) *E XP I ♦ ( T 0*V0 • ( X*Z»?, *1 GRA0240 
1NU(L*YER)))»EXP2)  IGRA0250 

RETURN  IGHA0260 

60  I GRAND  aFPIGR*X«((Sl+Ul»(2.0*NU(LAYER)+XAZ))»EXPlA(TlAVl*(X«Z-2,0»IGRA027V 
INU(IAYER) ) )*EXP2)  1GRA0280 

RETURN  IGRA0290 

TO  IGRANO  aFPlGR*((3lAUl*(l,0AX*Z))»EXPlA(VlM1.0-X*Z)-TI)*EXP2)  IGRA0300 

RETURN  IGRA03IU 

SO  IGRANO  aFPIGR*X*HA((SltUI*(l,0AX*Z))*EXPlA(Vl*(1.0>X*Z)>Tl)*EXP2)  JGRA0320 
RETURN  I6RA0330 

90  IGRANO  aFPIGR*X»R*(Ul»EXPlAVl  *E  XP2 ) IGRA0340 

RETURN  1GRA03S0 

100  IGRANO  *FPIGR»( (SltUI*(2,*NU(LAYER)»X«Z) ) *EXP 1 ♦ ( T l AV 1 • { X *Z-2 . «NU (L ISRAO JbO 


1 AYER) ) )*EXP2) 

RETURN 

110  IGRANO  ■FPIGR*(Ul*£xPl»Vl*CXP2) 
r£  Turn 

120  IGRANO  aFPIGR*((SI AU1*(1 ,aX*Z))*EXP1 ♦ { V I • ( l . -X »Z ) -T I )»EXP2)/X 
RETURN 

110  IGRANO  aFPIGR*X*(S01*EXP|»T01*EXP2) 

RETURN 

140  IGRANO  aFPIGR*(S01*EXPl«TQl*CXP2) 

RETURN 

ISO  IGRANO  aFPIGRaX*R*(S01*EXPl ♦T0l»EXP2) 

RETURN 

IbO  IGRANO  «FPIGR*(S01»EXPl«TQI»EXP2) 

RETURN 

170  IGRANO  9FPIGR*(S0I*EXP1AT01*EXP2)/X 
RETURN 
ENO 

SUBROUTINE  CAUCUNT ,V,R,»U, RADI , FT, LOAD, HOSTRS.PS 10, Z) 


COMPONENTS  OF  THE  S TRESSES , S TRA INS  AND 
THIS  SUBROUTINE  COMPUTES  THE  CYLINDRICAL 
DISPLACEMENTS  FROM  THE  17  INTEGRALS  STO. 
REO  IN  J NT , THESE  CALCULATED  COMPONENTS 
ARE  STORED  IN  V AND  OUTPUTTED, 


REAL  !NT(17),VUS),MU,L0A0,C(b> 

INTEGER  FM(19),FmT(S),TI12) 

LOGICAL  STRESS, EPS, rlor 

COMhON/S TRO T A/STRESS ( 27 ),EPS(17),RLOh, ST, CT,L,ACC 

CONMON/TAPE/NOUT 

DATA  FN(1),FMT,FM(19),T/ 

♦ •(IX  ",»,E12,,».4,1«,«0X  .•(M***,*  ^."X)  •, 

♦■OISP",«LACC»,*MENT»,»S  •, 

♦■  S', "TRES*, "SES  *,*  *, 

♦•  S»,»TRAI*,«NS  •,•  •/ 

DO  10  Ial,lS 
10  V(l)a0,0 

1F((STRESS(  4 ) , OR, STRESS ( S)  , OR, STRESS!  7 ) , OR, STRESS ( 10 ) .OR  , 

♦ STRE$S(U)).AND,(,NOT.RLO>0)  FCT»(2,0«INT(12)»INT(  7)-2,0#Int 

♦ !#)♦«, 0*1NT ( 1 7 ) > / R 

IF(, NOT, STRESS!  1))  CO  TO  20 

V(  1 )aFT«RADI*CT#(2.0*INT(17)AlNT(|2)-INT(  7)) 

IF (RLO«)  CO  TO  20 

V!  1 )av ( 1)«FT*R*RADI*INT!  «) 

<0  IF (STRESS!  2))  V!  2 1 «F T*R ADI «ST • (2 . 0» ( INT ( IT )•! NT ( 1 4 ) ) AlNT ( 1 2) ) 
IF(, NOT. STRESS!  3))  GO  TO  30 


IGRA037O 
IGRA03SU 
I GR AO  390 
IGRAOUOO 
IGRA04 1 0 
IGRA0420 
IGRA043O 
IGRA0440 
1GRA04SU 
ICRA0460 
IGRA0470 
IGRA0430 
IGRA0490 
IGRAOSOO 
IGRA0S1 0 
1GRA0S2O 
1GRA0S30 

CALC0010 
.CALC0020 
CALC0040 
CALC003U 
CALCOOSO 
CALCOObO 
CALC007U 
•CALCOOBO 
CALCOOSO 
CALC0100 
CALCOiie 
CALC0120 
CALC0130 
CALC0140 
CALC0150 
CALCOlbU 
CALC0I70 
CALC01S0 
C *LC  0 1 90 
CALC0200 
CALC021U 
(CALC022U 
CALC  0230 
CALC024V 
CALC02SO 
CALC02S0 
CALC0270 
CALC02B0 
C ALC0290 


V ( 3)a.FT«RA0IMNT(  J) 

IF(RLO«)  CO  TO  30 

V{  3)aV(  3>tFT»R«RAOI»CT«((2.0-2.0«MU)»INT(tl)-INTClO)) 

30  1F(, NOT. STRESS!  4))  CO  TO  00 

V(  4)aCT*(INT(  8)a2,0«hU*INT(  9))*INT(  I > «■  I M T < 4)»2,0*INT(  2 ) 
IF(RLO«)  CO  TO  40 

V(  4)aV(  4>»CTaFCT 
40  IF ( i NOT .STRESS!  5))  GO  TO  SO 

V(  S)aCT*2,0*HU*INT(  9)-2,0«mu«INT(  2)»INT(  4) 

IF(RLOH)  GO  TO  50 

»(  S)av(  5 ) ACT »FCT 
SO  IF ( .NOT .STRESS!  7))  GO  TO  40 
V(  7)a$T*INT(tS) 

IF(RUOn)  GO  TO  60 

V(  7 )»V  ( 7)-3T«FCT 
60  IF(,N0T,STRESS(10))  GO  TO  70 

V(10)aFT*(CT*lNT(  8 ) ♦ INT ( 1)«INT(  4)-(2,0-2.0*MU)*lNT C 2)) 
IF(RLOR)  GO  TO  70 

V(10)av(10)-FT«CT«FCT 
70  IF(.NOT.STRCSSCm)  GO  TO  80 

veil  )a»F  T*,*NT  ( 4) 

IF(RLOH)  GO  TO  80 

VCn)aV(lU*.fT«CT«FCT 

80  IFCSTRESSCii))  V( 12)aF T« (CT* ( (2, 0-4. OAHU) «INT { 9)»INT(  8))» 

♦ 2.0*hu*INT(  27-INTC  D) 

IFCZ.LT. ACC)  GO  TO  90 

IF  C STRESS  C 6))  VC  6) »CT» C (2. 0-2. 0*HO)«INT C 9).!NTC  8 J J-INT  C 1) 
IF (STRESS ( 8))  V(  8 )»CTa ( INT ( 16MINT (1 0 )-lNT ( 6M-INTC  5) 

IF (STRESS!  9))  V(  9 ) »ST a ( INT ( 1 6 ) -I  NT ( 1 3 ) ♦ l NT ( 1 0 ) ) 

GO  TO  MO 

90  IF(ABS(R«1,0).LT.ACC)  GO  TO  100 
IF  (R.GT.1,0)  GO  TO  MO 

IF (STRESS!  6))  VC  6)a-L0AD 
IF (STRESS!  8))  VC  8)a.HOSTRS*C08(FS10) 

IF (STRESS!  9))  V(  9)aHOSTRS*StN(PS10) 

GO  TO  MO 

100  IF (STRESS!  6})  V(  6)a.O,S*LOAO 

IF (STRESS!  8))  V(  8)a.O.S*HOSTRS*COS(PSIO) 

IF ( STRESS ( 9))  V(  9 ) a 0 .SamOSTRSaSIN (PS  1 0 ) 

MO  IF (STRESS (13))  V(l3)aFT*V(  7) 

IF (STRESS (14))  V(t4)aFT«V(  8) 

IF  (STRESS!  IS)  ) V(15)9FTaV(  9) 

00  120  |a2. 18 
120  FM(I)aT(8) 

DO  130  1 *4. t 6.1 
130  FN(I)aFHTd) 

KaO 

JaO 

00  210  lal.tf 
J«J*l 

IF(I*4)  190.160.140 

140  IF(I.IO)  190,130.190 
ISO  IF(K.EQ.O)  GO  TO  180 

mRITE(N0UT.9010)  ( T ( J ) , JaS.8) 
nRITE(NOUT.FN)  (C(J).jal.K) 

GO  TO  170 

160  IF(K.EO.O)  GO  TO  180 

■RITECNOUT.9000)  (T(J),Jal.4) 

■RITE (NOuT ,FN)  (C(J).Jal.K) 

170  Kao 

180  Jal 


CALCOSOO 
CALC0310 
CALC032U 
CALC0330 
CALC03SU 
CALC0350 
CALC0360 
CALC0370 
CALC0380 
CALC039V 
CALC04C4 
CALC0410 
CALC0420 
CALC0430 
CALC0440 
CALC04SU 
CALC0460 
C *LC  04  7 0 
CALC0480 
CALC0490 
CALCOSOO 
CALCOSIO 
CALC0S2O 
CALCOSIO 
CALCOSvO 
CALCOSSO 
CALCOS60 
CALC05T0 
CALCOSSO 
C ALC059O 
CALC0600 
CALC06I0 
CALC0620 
CALC0630 
CALC0640 
CALC06SO 
CALC0660 
CALC0670 
CALC0680 
CALC0690 
CALC0700 
CALC0710 
CALC0720 
CALC0730 
CALC0740 
CALC07S0 
CALC076O 
CALC077O 
CALC0780 
CALC079O 
CALCOSOO 
CALC0810 
CALC0820 
CALC083O 
CALC0840 
CALCOSSO 
CALC0860 
CALC087Q 
C ALC0880 
CALC0890 
CALC0900 
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onnoo n 


190  M*i.j 

IFt.NOT.STRESSCl)) 

K*K*1 
C (K ) ■ V ( 1 ) 
FM(H.1)«FHT(1) 

PRIM  >aFhT(2) 

GO  TO  210 

200  FM(M.l)aFHT(4) 

FM(M  )»FMT (5) 

210  CONTINUE 

IF(K.EQ.O)  RETURN 
«R l T E (NOUT ,9010)  ( T ( J ) 
»RITE(NOUT,FN)  (C(J),J 
RETURN 

9000  F0RNAT(1X,4A4/5X,"RADI 
9010  F0RmAT(1K,«A4/5x,"RaDI 
♦ ,/TANG.*,HX,"RAO./VER 
END 

SUBROUTINE  OUTPUT (EPS, 


C«CC091V 

GO  TO  200  CALC0920 

C*LC09|0 
CALC0940 
CALC095U 
CALC0940 
CALC0970 
CALC0980 
CALC0990 
C AtC 1009 
CALC1010 

» Ja9  » 1 2 ) CALC  1 020 

*1,K)  CALCIOIO 

CAtC 1040 

AL**12X,"TANGENTIAL"»14X, "VERTICAL")  CALC  1050 

AL",12X,"TANGENTIAL",14X,"V£RT1CAL",12X,"RA0CALC10A0 
T,",12X, "TANG, /VERT,")  CALC1070 

CALC1080 

C ,K ,L  ) OUTFOOIU 

................................... .........OUTP0020 

THIS  SUBROUTINE  OUTPUTS  BY  MEANS  OF  THREE  OUTPOOJU 
SUBSEQUENT  CALLS  FROM  THE  MAIN  PROGRAM  0UTP004U 
THE  TOTAL  STRESSES, STRAINS  AND  SISPLACE.  OUTP0050 
MENTS,  OUTP0040 

...outpooto 


,J»9,12) 

*l,K) 


INTESER  FM(ifc),FMTlB) 

LOGICAL  EPS (0) 

DIMENSION  C (4) , TKST (Of  4 ) 

COMMON/TAPE/NOUT 
DATA  TKST/ 

1"  T O',"  T A","  L ","8  T ","R  E VI  8 ", 

2"  T O’,"  T A","  L ",’S  T • , "R  A ","I  N ", 

J"  T O’,"  T A","  L %’0  I ","S  P ",  "L  A ", 

4’C  E " , ’ M C ","N  T-","  ",*  •/ 

DATA  FMT ,IM( |4)/ 

l"(4A4",",12X","  ",",E12",",3  ","(12A","4,4B","X  ",")  •/ 

IFCL.NE.I)  CO  TO  10 
FH(l).FMT(4) 

FM(2)«FMT(7) 

FM( J).FMT(B) 

CO  TO  20 
10  FM(1)4FMT(1) 

FM(2)«FMT (3) 

FM(J)4FMT1J) 

20  NaO 

Ms2*K»2 
DO  40  Is4,M,2 
J»I/2-l 

IFC.NOT.EPKJ))  CO  TQ  30 
FM(i)aFMT(4) 

FM(l*i)aFMT(5) 

NONA  1 
C(N)aC<J) 

GO  TO  40 

30  FM(I)aFMT(2) 

FM ( I ♦! )aFMT ( 3 ) 

40  CONTINUE 

IF(L.EO.I)  CO  TO  40 
IF(N.EO.O)  CO  TO  50 

MRI TE (NOUT  #PN)  (TKST(I,L),I41,4),(C(I),I41,N) 

RETURN 


OUTPOOBO 
OUTP0090 
OUTPOIOO 
OUTP0110 
OuTPO 120 
OUTP013O 
OUTPO 140 
OUTPO 1 50 
OUTPO 140 
OUTPO 1 70 
OU'POIBO 
OUTPOIOO 
OUTP0200 
OUTP021 0 
OUTPO220 
OUTP0230 
0UTP0240 
OUTP0250 
OUTP0240 
OUTPO270 
OUTP028C 
OUTP0290 
0UTP0300 
OUTP0  3 1 0 
OUTP0J20 
OUTP0330 
OUTP034O 
OUTP0350 
OUT  PO 140 
0UTP0170 
OUTPOIOO 
OUTP0390 
OUTP0400 
OUTP04 1 0 
OUTP0420 
OUTP0410 


SO  wRITE(NOUT,FH)  <TKST(J,l),Ial,6) 

RETURN 

60  00  70  I ■ 1 0 « IS 
70  Fm(I)«FMT(I> 

IF(N,EO,0)  eo  TO  so 

WRITE (NOUT.FM)  (TKST(I,l),I*l,A),(TK3T(I,u),I*l,6),(C(l),l*l,N) 
RETURN 

•0  WRlTE(NOUT,FM)  <TKST<I,S),lwl,6),(TK3T(I.R),Iwl,6> 

RETURN 

ENO 

SUBROUTINE  JACOBI  (M, U,ND, N, I VEC . w, IQ) 


OuTPORRO 

OUTPORSO 

OUTR0R60 

0UTP0R70 

0UTP0R8O 

OUTPOR90 

OUTPOSOR 

OUTPOSIO 

OuTPOSJO 

OUTPOSIO 

JRCOOOIO 

JAC00020 

JACOOOIV 

JACOOORO 

JAC00050 

JAC00060 

JAC00070 

JAC00080 

JACOOORO 


10 


20 

10 
• 0 
so 
60 


70 

BO 

00 

too 


110 


REAL  H(NO,NO) ,U(NDfNO) 

INTEGER  IO(NO) 

DOUBLE  PRECISION  TA,SI 
AN  RN 
NM{ 1 *N.| 

IF(IvEC-l)  60,10,60 
00  SO  1*1, N 
00  RO  JR  I , N 

IF(I-J)  10,20,30 
UtI,J)R»,0 
GO  TO  00 
UCI.JJRO.O 
CONTINUE 
CONTINUE 
00  00  1*1 ,N«I t 

m(1)r0.0 
IPL1*I*I 
00  00  JrIPL1,N 

IF(-(I).A8S(M(1,J)))  70,70,00 
H ( I )RASS (H(I , J ) ) 

10(1) ■ J 
CONTINUE 
CONTINUE 
00  120  I ■! , NNI | 

IFd.EO.n  GO  TO  no 
IF(XMAI,6E,H(tn  GO  TO  120 
XNAXRN(l) 


SUBROUTINE  JACOBI  TO  COMPUTE  EIGENVALUES 
AND  EIGENVECTORS  OF  A SYMMETRIC  MATRIX, 

H IS  THE  GIVEN  MATRIX, THE  OIAGONAL  OF 
WHICH  CONTAINS  AFTER  THE  ITERATION  THE 
EIGENVALUES  OF  H. 

U IS  THE  MATRIX, THE  COLUMNS  OF  WHICH  ARE 
THE  EIGENVECTORS  OF  H, 

N ANO  NO  ARE  THE  DIMENSIONS  OF  THE  ACTUAL  JAC00100 
MATRIX  ANO  THE  ONE  USEO  IN  THE  DIMENSION.  JACOOIIO 
STATEMENT  OF  THE  C ALL  I NGPROGR AM  JAC00120 

RESPECTIVELY  JACOOIIO 

IVECRO  IF  NO  EIGENVECTORS  ARE  REQUIRED,  JACOOIRO 

1VECR1  IF  THE  EIGENVECTORS  SHOULD  BE  JAC0015V 

CALCULATED,  JAC00160 

THE  ACCURACY  OF  THE  EIGENVALUES  IS  ABOUT  JAC00I70 
1 ,0E<*6, THE  ACCURACY  OF  AN  EIGENVECTOR  IS  JACOOIBO 
ABOUT  I ,OE«6/0, WHERE  0 IS  THE  MINIMUM.  JACOOIRO 

DISTANCE  OF  THE  CORRESPONDING  EIGENVALUE  JAC0020U 

FROM  THE  OTHER  EIGENVALUES.  JAC00210 

W ANO  IQ  ARE  WORK  I NG SPACES .WHICH  SHOULD  BEJAC00220 
DIMENSIONED  IN  THE  CALLING  PROGRAM,  JAC00210 

............................................ JAC002RO 

, n (NO ) JAC002SO 

JAC00260 

, CO , Z , Y , HTE , UTE  JAC00270 

JAC002SU 


JAC00290 

JACOOIOO 

JACOOIIO 

JACO0S2O 

JACOOIIO 

JACOOIRO 

JACOOISO 

JACOOIRO 

JAC00370 

JACOOIBO 

JACOOIOO 

JACOOAOO 

JACOORIO 

JAC00R20 

JACOORIO 

JACOORRO 

JAC00R90 

JACOORRO 

JACO0R7O 

JACOORSO 

JACOOROO 

JACOOROS 

JACOOIOO 


F-39 


IPIV»I 

JPIvalQ(I) 

CONTINUE 

IF (xmax-i .E-12/8N)  170,170,130 
2 «M(IPIV,IPIV»«H(JP|V,JP1V) 

Y • 2,000»0BLEt*(IPIV,JPIV)) 

TA  aY/(DABS(Z) *<BSORT (Z«2»Y»Y)) 

IPtZ.LT. 0,0003  TAa-TA 
CO  »t ,00/DSQRT(1,00*TA*TA) 

SI  eTAaCO 

HUaH(IPIV,IPIVl 

NJJaH(JPIV,JPIV» 

MlJaM(IPIV,JPIVJ 
00  1U0  Kal  ,N 

HT£aM{R,IPIVJ 

H(K,IPIV)aO«Lt(H(K,IPIV))*CO«OSLE(H(K,JPIV))*SI 
M(K, JPIVJaDOlECMCK. JPI V) )»C0-HTE*8I 
M(IPIV,K)AM(M.IPIV) 

H(JPIV,K)aH{*,JPIV> 

CONTINUt 

H(IPIV,JPIV)aO,0 
NIJPIV.IPIVJaO.O 
AAaDBLEtMIJJaTA 
H(1PIV,IPIV)«MH*AA 
HfJPlV, JPIV)4MJJ-AA 
IF(IVEC)  60,60,150 
00  160  K«1,N 

UTE»U(R, IPIV) 

U(K,IPlv)«08LE(U(K,IPIv))*C0a0BLE(U(K,JPlV))aSI 
U(K»JPIV) aOBUE (U (K ,JPIV))*C0»UTE*S1 
CONTINUE 
CO  TO  60 
RETURN 
END 

SUBROUTINE  ESORT  (M,U,NO,N,IVEC,W,IO) 


SUBROUTINE  ESORT, 

THIS  ROUTINE  SORTS  EIGENVALUES  (ANO  EIGEN 
VECTORS)  OBTAINEO  FROM  SUBROUTINE  JACOBI, 
H a ORIGINAL  HATRIX(NO,NO), 

U a EIGENVECTORHATNIX(ND,NO), 

NO  a M*X,  DIMENSION  OF  MATRICES, 

N a actual  DIMENSION  OF  MATRICES, 

I VEC* 1 NlTM  EIGENVECTORS, 
ao  NO  EIGENVECTORS, 

N a MORKINGSPACE(NO), 

10  a mOHKINGSPACE(ND), 


REAL  H(NO,NO),UtNO,NO),M(NO),OUMMY 
INTEGER  N,10(ND) ,FOUMMY,I,J,K, IVEC 
LOGICAL  LOGIC 

00  10  I ■! , N 

M(I  ) aM ( I , I ) 

10(1 ) a 1 

JaN 

LOGICa, FALSE, 

KaJ 

00  30  Ia2,a 

IF (a C l •! ) ,GE , M ( 1)1  GO  TO  10 
LOGICa, TRUE, 


JACOOSIV 
JAC00520 
JAC0051U 
JAC00540 
JACO0S5O 
JACOOS60 
JAC0057U 
JACOOSOU 
JAC0059U 
JAC00600 
JAC0061 V 
JAC00620 
JAC00610 
JAC00640 
J AC  0065V 
JAC00660 
JAC0067V 
JACO06BU 
JAC0069U 
J AC00700 
JAC007I 0 
JAC00720 
JAC00710 
J AC00700 
JAC00750 
JAC00760 
JAC0077U- 
JAC00700 
JAC0079U 
JACOOBOO 
jacoooio 
JAC00820 
JACOOOIO 
JAC00090 
ES0R0010 
•t 30R0020 
ES0R0010 
ESOROoau 
ESOHOOSO 
ESOR0060 
ESOR0070 
ESOHOOSO 
ES0R009U 
ESOROIOO 
ESOROI1U 
ESORO 120 
ESORO 1 30 
.ESOROIOO 
ESORO 150 
t SORQ 1 60 
ESORO 1 70 
ESOROIOO 
ESOROIOO 
ESOR0200 
ES0R0210 
ESOR0220 
ESOR0210 
ESOR0240 
ESOR0250 
ESOR0260 
ES0R0270 


F-UO 


DUMNVhm ( I — 1 ) 

ES0R02B0 

h(I«1)bh(I) 

1SUR02RO 

H(l)»DUHHy 

ESOR0300 

F0uhhy»IQ(I«U 

ESOR031O 

IQ(I*t)*IQ(I) 

ESOR0320 

IQ(I)«FDUHHf 

ESOR0330 

JR  I -l 

ESOR0340 

30 

CONTINUE 

ESOR03SD 

IF  (LOGIC)  GO  TO  20 

ESOROSkO 

IF  (IVEC.EQ.O)  GO  TO  *0 

E80R0570 

00  40  IR1.N 

ESOHOIBO 

K«IQ(I) 

ESOR03RD 

00  40  j4l,N 

ESOR040R 

«0 

H(J,I)»U(J,K) 

ES0R041V 

00  50  IR1,N 

E90R0420 

00  SO  JR|,N 

ES0R0430 

U ( 1 , J ) RM ( I# J) 

ES0RQ440 

50 

h(1,J)rO,0 

ESOR045D 

*0 

00  70  1 R 1 • N 

ES0R0460 

70 

H(I,I)rh(I) 

ESOR0470 

RETURN 

ES0R04B0 

END 

E80R04R0 

BLOCK  OATA 

BLOAOOI 0 

•BLOA0020 

IN  THE  BLOCK  OAT*  ARE  STORED  SU8SE0UNT JLV*BLOA09}O 


•THE  ABSCISSAE  FOR  THE  LLGf NORE-GAUSS 
QUADRATURE, STARTING  IN  A hITH  THE  E-NO 
ORDER  AND  ENDING  IN  N «ITH  THE  15-TH 
ORDER, 

-THE  ABSCISSAE  FOR  THE  JACOBI-GAUSS 
QUADRATURE  OF  THE  S-Th  OROER  IN  0, 

•The  heights  FOR  THE  LEGENDRE-GAUSS 
QUADRATURE, STARTING  IN  P MlTH  THE  2-ND 
ORDER  AND  ENDING  IN  CC  MlTH  THE  15-Tm 
ORDER. 

•THE  HEIGHTS  FOR  THE  JACOBI-GAUSS  QUADRA. 

TURE  OF  THE  B-Th  ORDER  IN  DO, 

•THE  FIRST  l MR  ZEROS  OF  JO  IN  E£  AND  FF 
• THE  FIRST  |4R  ZEROS  OF  J|  IN  GG  ANO  HH 


REAL  I.J,k,L,h,N 
OIHENSION  A(2)«B(3),C(4),D(S),E(6)«F(7),G(B),H(R),1(1Q), 
1 ),L(I3),M(14),N(I5),0(  8)«P(2),Q(3),H(4),3(5),T(k),U(7), 
2*(10),Y(1)),2(12>,AA(13),BB(|4),CC(15),0D(  S)  ,EE  ( 1 1 R)  ,FF 
IR).hh(SO) 

COhnON/GAUSS/ACAUSS ( IR, IR), HGAUSS ( It, 1») 

COhhON/GEOAT A/BZEROS (1RR,2), ZEROS (2RS) 


EQUIVALENCE 
1 ( AC AUSS ( 1 , R),  CO 
2 ( AGAUSS ( 1 , 7),  F ( 1 
1 ( AGAUSS 1 1,10),  III 
4(A6AUS3(1,13),  Lit 
S(AGAU9S(l,lk),  0(1 
»(MGAUSS(I,  «),  R ( I 
7 (HGAUSS ( 1 , 7),  U ( 1 
S (HGAUSS ( 1,10),  Ad 
R(MGAUSS(|,1S),AA(1 
T(hgauSS(I,IR),DO(I 
1 (BZER0S ( 1 , 2), CCll 


(AGAUSS ( 1 
) , ( AGAUSS ( 1 

) , ( agauss ( i 

) , ( AGAUSS ( 1 
) , (AGAUSS ( 1 
) , (HGAUSS ( l 
) , (HGAUSS ( 1 
) • (HGAUSS ( I 
) , (HGAUSS ( 1 
) , (HGAUSS ( 1 


2),  A ( 1 ) ) , (AGAUSS ( 1 , 1), 
5),  0(1)), (AG AUSS (1,  R>, 
S),  G ( 1 ) ) , (AGAUSS ( 1 , R), 
11),  J(I)),(AGAUSS(1,12), 
i«),  *())), (AGAUSSd, 15), 
2),  P ( 1 ) ) , (HGAUSS ( 1 , S), 
S),  9 ( 1 ) ) , ( HGAUSS ( 1 , 6), 
S),  V ( | ) ) , ( HGAUSS ( 1 , R), 
11),  T(1)),(HGAUS3(1,12), 
tR).BB(l)),(HGAUSS(l,l*), 
l),Et(!)),(BZEROS (120,1) 


) , (BZERUS ( 1 

),(BZEROS(120,2),hh(D) 

OaTA  a , b , c , d , e , f , g , H , I , J , k , l • H 
N/«,447213r,  0.447213k, -0,4544537,  0,0900000,  0,kS4RS37,« 


8LDA J040 
BLDA0050 
BLOAOORO 
BL0A007U 
BL0A0060 
BLOAOORO 
BL0A010V 
BL0A0110 
BLDA012U 
SLOAOIJO 
BLOA0140 
BL0A0150 
BLDA01RO 
BL0A0170 
.ULOAOISO 
BLOA01RO 
J(11),K(12BLOA0200 
V(B),H(R),BLOA0210 
(30),GC(l I8LOA0220 
BLOA02SO 
BLOA02RO 
BLOA0290 
BID),  BLOA0240 
E(D) , BL0A027R 
H ( 1 ) ) , BLOA02SO 
K ( 1 ) ) , BL0A02R0 

N(  | ) ) , BLOAOIOO 
0(1)),  BLDA0310 
T ( 1 ) ) , BL0A0320 

M ( 1 ) ) , BLOA0330 

2(1)),  BLOA03AO 
CCd)',  BL0A03B0 
FF  ( 1 ) ) , BLOA03RO 
BLOA037V 
BLDA03BO 
0. 7450554, BLOA03RQ 


F-ltl 


1 

•0.2852315, 

0,2852315, 

0.7650553, 

-0,8102219, 

-0,4688468, 

2 

0,4688488, 

0,8302239, 

•0.8717402, 

-0.5917003, 

*0.2092993, 

3 

0,5917001 , 

0,871 7400, 

•0,8997580, 

-0,6771863, 

-0,3631175. 

4 

0,3631175, 

0.6771863, 

0.8997580, 

-0.9195119, 

-0,7387739, 

5 

• 0,  1652790, 

0,1652789, 

0,4779249, 

0.7387738, 

0,9195338, 

6 

•0,7844836. 

• 0,5652  354 , 

-0,2957582, 

0.0000000, 

0,2957581 , 

7 

0,7844834, 

0,9340014, 

•0.9448975, 

-0,8192815, 

•0,6328754, 

6 

•0,1365529, 

0,1365529, 

0.3995309, 

0.6328753, 

0,8192813, 

9 

•0,9533069, 

-0.8463538, 

•0,6861843, 

-0,4829108, 

•0 ,2492869, 

T 

0,2492868, 

0.4829106, 

0,6861842, 

0.8461537, 

0.9533068, 

1 

•0,8678104, 

•0,7288621 , 

-0.5506417, 

-0,3427215, 

•0,1 163319, 

2 

0,3427235, 

0,5506415, 

0,7288620, 

0,6678104, 

0.9599298, 

3 

•0,8850636, 

• 0,7635341  , 

•0,6062477, 

-0,4206389, 

-0,2153539, 

4 

0,2153538, 

0,4206389, 

0,6062477, 

0,7635341, 

0,8850635, 

5 

•0,9695861 , 

-0.8991729, 

•0,7920153, 

-0.6523931 , 

•0,4860575, 

6 

•0,1013263, 

0,1013262, 

0.2998304, 

0,4860575, 

0,6523930, 

7 

0.6991728, 

0.9695860/ 

0*7*  N » 0 
N/., 9731405, 

•0,9108602, 

•0,8157166, 

-0.6910172, 

-0.5413883, 

1 

•0,1895120, 

0.0000000, 

0.1895119, 

0,3721744, 

0,5413882, 

2 

0.8157164, 

0,9108602, 

0.9731404, 

•0,9602899, 

•0 , 7966665, 

3 

•0,1834346, 

0.1834396, 

0,5255324, 

0 , 7966665 , 

0.9602899/ 

0*T*  P,0,R, 

S,T.U,V,m,U 

,Y,2,**,BB 

N/0. 6333334, 

0.8333331, 

0,5444443, 

0,7111111, 

0,5444444, 

1 

0,5548583, 

0,5548581 , 

0.3784750, 

0.2768261 , 

0,4317453, 

2 

0.4317455, 

0.2768261 , 

0,2107044, 

0.3411230, 

0,4124591 , 

3 

0,3411230, 

0.2107046, 

0.1654951, 

0,2745 39 t , 

0,3464290, 

4 

0.3464290, 

0,2745388, 

0.1654955, 

0,1333061, 

0.2248897, 

5 

0.3275404, 

0,3275403, 

0,2920429, 

0.2248897, 

0,1333061, 

6 

0.1871701, 

0,2480485, 

0,2868792, 

0,3002176, 

0,2868798, 

7 

0.1671700, 

0,1096126, 

0,09)6847, 

0.1579750, 

0,2125089, 

6 

0,2714060, 

0,2714060, 

0.2512759, 

0,2125089, 

0,1579748, 

9 

0.0778019, 

0,1349820, 

0,1636473, 

0,2207679, 

0.2440163, 

T 

0,2440165, 

0,2207679, 

0.1836473, 

0. 1349820, 

0,0776019, 

1 

0,1 165870, 

0,1600221, 

0,1948268, 

0,2191266, 

0,2316136, 

2 

0,2191266, 

0,1948268, 

0,1600223, 

0,1165869, 

0,0668375, 

3 

0,1016605, 

0.140S1 19, 

0.1727902, 

0,1969877, 

0,2119743, 

4 

0,2119743, 

0.1969876, 

0.1727903, 

0.1405120, 

0,1016601, 

5 

0 , 0S08505 , 

0,0893939, 

0,1242559, 

0.1540275, 

0,1774924, 

6 

0,2019594, 

0,2019594, 

0,1936906, 

0.1774925, 

0,1540275, 

7 
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0*7*  CC,00 
N/0, 0449221 , 

0,0791985, 

0.1105931, 

0,1379879, 

0,1603954, 

1 
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0,1770049, 

0,1603951, 

2 

0.1105926, 

0.0791985, 

0.0449221, 

0.1012285, 

0,2223810, 

3 

0,3626838, 

0 , 3626638 , 

0,3117067, 

0.2223810, 

0, 1012285/ 

0*1*  EE 

/2, 404826, 

5,520078,  8 

.653728,  11 

.79153,  14. 

0,0000000 
0 , 2 09299 1 
0.0000000 
•0,4779250 
>0, 9340014 
0,5652353 
•0,3995310 
0 , 9440975 
0,0000000 
•0,9599299 
0,1163316 
•0,9652544 
0,0000000 
0.9652544 
•0,2998304 
0.7920151 


1 16,07106,  21,21164,  24.35247,  27.49348, 

2 36.91710,  40,05643,  43.19979,  46.34119, 

3 55.76551,  56.90698,  62.04847,  65,18996, 

4 74.61450,  77,75603,  80.89756,  64,03909, 


5 93.46372,  96,60527,  99. 

6112.3131,  115,4546,  116,5962.  121, 
7131.1624,  134.3040,  137.4456,  140. 
6150.0119,  153,1535,  156.2950,  159, 
9166,6613,  172,0029,  175.1445,  178, 
7167,7106,  190,8524,  193.9940,  197, 
1206,5603,  209,7019,  212.6435,  215. 
2225,4096,  228,5514,  231.6930,  234, 
3244,2593,  247,4009.  250.5425,  253, 
4261.1069,  266,2504,  269,3920,  272. 


8883, 
7377, 
5872, 
4366, 
2861  , 
1 356, 
9850, 
6346, 
6841  , 

5336, 


30, 
49, 
68, 
87, 
106, 
124, 
143, 
162, 
161  , 
200, 
219, 
237, 
256, 
275, 


63461,  33, 
48261,  W. 
33147,  71. 
18063,  90, 
0299,  109, 
8793,  126, 
7287,  146, 
5782,  165, 
4277,  164, 
2772,  203. 
1267,  222, 
9762,  241. 
82S7 , 259. 
6752,  276, 


0,3784749 
0.4876190 
0.4124591 
0,3715193 
0.2920431 
0,1096126 
0. £480485 
0,2512758 
0 ,0916846 
0.2519308 
0,0668373 
0.2316136 
0,0560301 
0,2170480 
O.OS80S01 
0.1936907 
0.1242554 


0,1770052 

0,1379863 

0.3137067 

93092, 

77562, 

62405, 

47296, 

32217, 

1715, 

0209, 

6703, 

7198, 

5692, 

4187, 

2682, 

1178, 

9673, 

6166, 


,610*0400 
, BL 0*0410 
, 810*0420 
,81.0*0430 
, BL0*0440 
,810*0450 
,810*0460 
,610*0470 
, 8LOA0480 
, BLOA049U 
, BLO*  0500 
,810*0510 
, 8LDA0520 
, 61.0*0530 
,810*0540 
,610*0550 
61.0*0560 
BU0A0570 
,810*0580 
, 81.0*0590 
, 800*0600 
810*0610 
610*0620 
,BLD*0630 
, BLO A 064  U 
,810*0650 
,610*0660 
, B 1.0*0670 

, bid*  0660 

,61.0*0690 
, BLOA0700 
,810*0710 
, BI.OA0720 
,BLO*073O 
, BuP*  0 740 
,81.0*0750 
,61.0*0760 
,810*0770 
,610*0780 
,61.0*0790 
8LDA0600 
610*0610 
,610*0820 
, Bl DA  0830 
, 8LOA0840 
810*0850 
BL0A0860 
6L0A0870 
61.0*0880 
61.0*0890 
BLOA0900 
BLO*  09 1 0 
BL0A0920 
610*0930 
610*0940 
BLOA0950 
BLOA0960 
6L0A0970 
ULDA0960 
610*0990 
BLO* 1000 
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5281.956a, 
6100 ,80T9 , 
7119.657a, 
8318.5070, 
9157.3565, 
OITA  F F / 
1191. 9iao, 
2a 1 o , 7635 , 
3929.6131, 

aaae,a626, 

5667,3122/ 
DATA  GG 

1 19.61586 

2 18,a7u77 

3 57.32751 
a 76.17870 
5 95.02921 
6111,879a, 
7112,7295, 
8151 ,579a, 
9170.9292, 
T169.2790, 
1208. 1287, 
2226,978a, 
1295,8281, 
9269,6778, 
5281,5279, 
6102.1771, 
7121,2267, 
8390,0763, 
9358,9259, 

Data  hh  / 
1193,9835, 
2912,3331, 
3931,1827, 
9950.0323, 
5968.8819/ 
END 
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401,3388, 
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932.7597, 
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445,3210, 

BLDA1090 

951,6092, 

959.7958, 

457,6674, 

461,0290, 

464,1706, 

BLDA 1 109 
BLOAU1U 

/l, 831706,  7,015567 

, 10,17347 

, 13,32369 

, 16.47063, 

BL0A1129 

22,76008 

, 25,90367, 

29,04661 

, 32,18968 

, 35,33231, 

bldahio 

91,61709 

, 99,75912, 

47,90196 

, 51,04354 

, 54,18555, 

6L0A1 1 40 

60,96996 

, 63,61136, 

66,75323 

, 69,89507 

, 73,03690, 

BLDA1150 

79,32099 

, 82,96226, 

85,60402 

, 88,74577 

, 91,88750, 

BLDA! 160 

98,17095 

,101.1127, 

104,9544, 

107,5961, 

110,7376, 

BL0AU70 

117,0211, 

120, 1628, 

123,3045, 

126,4461, 

129,5878, 

BLD A 1 160 

135.8711, 

139.0128, 

192,1544, 

145,2961, 

148,4377, 

BLOA 1 1 99 

159,7210, 

157,6626, 

161,0043, 

164,1459, 

167,2876, 

BL0A120U 

173.5708, 

176.7125, 

179.8541, 

182,9957, 

186,1374, 

BLDA 1210 

192,9206, 

195.5622, 

198,7018, 

201.8455, 

204,9671, 

BLUA122U 

211,2703, 

219,9120, 

217,5536, 

220,6952, 

223,8368, 

BLDA 1219 

230,1200, 

211.2616, 

236,4033, 

239,5449, 

242,6865, 

BL0A1240 

298,9697, 

252.1113, 

255.2529, 

258.1945, 

261.S362, 

8LOA1250 

267,8199, 

270,9610, 

274, 1026, 

'277,2442, 

280,3858, 

BL0A1260 

286,6690, 

289,8106, 

292.9522, 

296,0938, 

299,2354, 

BL0A1279 

105,5187, 

308,6603, 

311,8019, 

314,9435, 

318,0851, 

BLO A 1 289 

329.1683, 

327,5099, 

310.6515, 

333,7931, 

336,9147, 

BLDAI290 

391,2179, 

396.3595, 

349,5011, 

352,6427, 

355,7843, 

BLOA 1 10  0 

362.0675, 

365,2091, 

368,1507, 

371,4923, 

174,6139/ 

BL0A1319 

377,7755, 

380.9171, 

384,0587, 

187,2003, 

390,3419, 

BLOA 1329 

396.6251 , 

399,7667. 

402.9083, 

406,0499, 

409,1919, 

BL0AI330 

915,9797, 

918.6163, 

421.7579, 

424,8995, 

428.0411, 

BLOA l 340 

919,3293, 

917,9659, 

440,6075, 

443,7491 , 

446,8907, 

BLOA 1159 

953,1739, 

956,3155, 

459,4570, 

462,5987, 

465,7403, 

BLOA 1 369 
BLDA1379 
BLDA1360 
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Tables  FI,  F2,  and  F3 


Table  FU 


Tables  F5  and  F6 


Tables  FT  and  F8 


If  another  problem  is  needed  return  to  Table  3 and  repeat  input  thru  Table 
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EXAMPLE  PROBLEM 


I ! i 

J 

I 

The  example  problem  is  for  the  computation  of  the  tensile  stress 
at  two  locations  at  the  bottom  of  a PCC  slab  which  is  subjected  to  the 
loading  of  a dual-wheel  aircraft  gear.  Figure  FI  shows  the  pavement 
section,  the  characteristics  of  the  applied  load,  and  the  locations  at 
which  the  stress  is  computed.  The  coded  data  for  the  example  problem 
are  given  in  Table  F9,  and  the  output  in  Table  F10. 


MOTE  COORDINATE  FOR  COMPUTATIONAL  POSITIONS 
POSITION  NO.  I:  « = 0.0.  y - 0.0.  {M2 
POSITION  NO.  2:  > = I0.7S.  y -0.0.  g - 12 

COORDINATES  FOR  LOADS 
LOAD  NO.  I:  ■ -0.0.  y =0.0 
LOAD  NO.  2:  a = »7.S.  y =0.0 


Figure  FI.  Diagram  for  example  problem 
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BISAR  Program  - Example  Problem 
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